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Lewis Research Center

SUMMARY

A FORTRAN IV subprogram, WASP, was developed to calculate the thermodynamic
and transport properties of water and steam. The temperature range is from the triple
point to 1750 K, and the pressure range is from 0.1 to 100 MN/m2 (1 to 1000 bars) for
the thermodynamic properties and to 50 MN/m2 (500 bars) for thermal conductivity and
to 80 MN/m2 (800 bars) for viscosity. WASP accepts any two of pressure, temperature,
and density as input conditions. In addition, pressure and either entropy or enthalpy are
also allowable input variables. This flexibility is especially useful in cycle analysis.
The properties available in any combination as output include temperature, density,
pressure, entropy, enthalpy, specific heats (Cp and Cv)’ sonic velocity, (aP/ap)T,
(eP/ aT)p, viscosity, thermal conductivity, surface tension, and the Laplace constant.

The subroutine structure is modular so that the user can choose only those subrou-
tines necessary to his calculations. Metastable calculations can also be made by using
WASP.

INTRODUCTION

Water is inert, inexpensive, and available. It is used for cooling equipment, for
heating or cooling other fluids, as a modeling fluid, and in many cases as the primary
test fluid in heat-transfer and fluid dynamics research.

Printed tables of water and steam properties have been available to the engineer for
many years, the latest accepted editions being references 1 and 2. Numerous computer
codes to interpolate these tables using a variety of curve-fit and interpolation techniques
are available. Many are cumbersome or lack the ability to calculate a consistent set of
properties for a given point in the fluid surface. Some are designed for specific uses
and do not include all the properties. A comprehensive, flexible, and internally con-
sistent computer code for water properties was needed at the Lewis Research Center.
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In determining the coefficients of equation (1), the temperature data were all ex-
pressed on the thermodynamic Celsius temperature scale. Since experimental observi -
tions for water, however, are usually reported in terms of the International Practical
Scale (the I. P. Scale), a lengthy discussion and a graph of the relation between the
I. P. Scale and the thermodynamic temperature scale are presented in reference 3. 2

The critical constants of reference 3 differ from those presented in references 1
and 2 as follows:

Refer- References
ence 3 1and 2

Critical pressure, 22,089 22.120
Pc’ MN/m )
Critical tempera- | 374.02 374,15
ture, TC, °c
Critical density, 0.317 0. 31546
Pes g/em’

The temperatures in this table are on the I. P. Scale. The critical temperature TC of
reference 3 on the thermodynamic scale is 374. 136° C.

The WASP subprogram was developed to be used in fluid-flow and heat-transfer
calculations. There are independent calls for obtaining any one of the three state vari-
ables (pressure, density, and temperature) as a function of the other two (see table I,
OPERATIONS SHEET FOR SUBROUTINE WASP). In addition, temperature and all the
other properties can be obtained as a function of pressure and enthalpy (or pressure and
entropy). This option is of considerable value in forced-convection studies and cycle
analysis.

While enthalpy, entropy, and specific heats (C_ and C,} are available in refer-
ence 3, the sonic velocity, viscosity, thermal conductivity, and surface tension were
not computed in reference 3. The sonic velocity, equation {B30), is defined in terms of
equation (1). The transport properties are discussed in the following section.

TRANSPORT PROPERTY CALCULATIONS

The thermal conductivity, viscosity, and surface tension are available in references

2Differences between the current conversion from Celsius to 1. P. Scale and that of ref. 3
are small except at elevated temperatures. These deviations did not warrant our reexamination
of equation (1).
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WASP is a FORTRAN IV subprogram developed for engineering calculations. The
thermodynamic properties are calculated by using the Helmholtz free-energy equation
developed by Keyes, Keenan, Hill, and Moore (ref. 3). The transport properties are
calculated by using curve fits given in references 1 and 2 in regions where these equa-
tions exist. The authors developed their own approximations based on the tabulated
values of references 1 and 2 where curve fits were not available.

The main section of this report is directed to the research-oriented user of WASP.
It includes a brief discussion of the equations used in calculating thermodynamic and
transport properties. Comparisons to the International Skeleton Tables and the validity
of transport calculations are also discussed. A detailed presentation of user instruc-
tions is included together with a tabular summary for later reference. Detailed informa-
tion about the computer program and the equations used are included as appendixes. The
symbols are defined in appendix A; the property equations of WASP are given in appen-
dix B; the important subroutines of WASP are described in appendix C; the modular de-
sign of WASP is presented in appendix D; the program listing and flow chart are pre-
sented in appendix E, the test program output in appendix F, the metastable subroutine
PMETAS in appendix G, and the thermodynamic relations and derivatives in appendix H.

THERMODYNAMIC CALCULATIONS

Keyes, Keenan, Hill, and Moore (ref. 3) fit the available experimental water and
steam data from the triple point to a pressure of 100 MN/m® and to a temperature of
about 1750 K, using the fundamental equation

Y = d/(Ty p)

= ¢o(T) + RT[In p + pQp, 7)] (1)

where ¢ is the specific Helmholtz free energy and 7 = 1000/T. The specific forms of
¥o(T), Qp,7), and the derivatives of Q(p, 1) are presented in appendix B.

Most investigators (e.g., refs. 4 to 7), in order to represent their measured values
as closely as possible, have selected a modified virial equation of state

P= P(T1 p)
6 2 5
- g A1<T>pl+§ B,(T)p?* e (2)
i=1 i=1



where P is the pressure and the coefficients Ai(T) and Bj(T) are usually polynomials
in T and T°L,
While the derivation of pressure from equation (1) is quite simple,

)
= pRT (1 +pQ + p2 :—?) (3)

the ensuing expanded descriptions for both equations (2) and (3) are quite involved, see
appendix B and reference 8.

One should note the influence of the modified forms of the Benedict-Webb-Rubin
(BWR) equation of state (see refs. 4 to 6) and the more recent work of Bender (ref. 7)
on equation (1). (Compare the form of Q in eq. (B4) of appendix B with eq. (2).) The
authors of references 5 and 6 added new exponential terms to the BWR equation of refer-
ence 4 to account for high-density effects. The technique has been successfully applied
to several cryogens. More recently, Bender (ref. 7), in addition to these modifications,
imposed another constraint, namely that the Maxwell Phase Rule must be satisfied; the
constraint requires that the Gibbs free energy for the saturation liquid and vapor be
equal. This latter constraint, although not stated explicitly, is implicitly satisfied by
equation (1) (taken from ref. 3) because the Gibbs free energy of the saturated liquid and
vapor are ''virtually identical. "’

Both equations (1) and (2) have been fit by using a weighted least-squares technique
which minimizes the residuals in pressure subject to various constraints such as

2
<Q> =0 IR\ _p p=p, T=T

cp T ap2 -

at the thermodynamic critical point. Reference 3 cites 14 such constraints; usually, the
number is about one-half as many. However, the advantage of the reference 3 approach
is that Y as a function of p and T is a fundamental equation and all thermodynamic
properties are obtained directly from iy and its derivatives. In equation (2), P as a
function of p and T is a state equation. In determining properties such as enthalpy,
entropy, and specific heats, the state equation must be differentiated and integrated and
the associated constants of integration must be determined from other data. 1

I The mathematical form of the derived and integrated equations must be such that they do not
possess singularities except at the critical point.



In determining the coefficients of equation (1), the temperature data were all ex-
pressed on the thermodynamic Celsius temperature scale. Since experimental observa -
tions for water, however, are usually reported in terms of the International Practical
Scale (the I. P. Scale), a lengthy discussion and a graph of the relation between the
I. P. Scale and the thermodynamic temperature scale are presented in reference 3. 2

The critical constants of reference 3 differ from those presented in references 1
and 2 as follows:

Refer- References
ence 3 1and 2

Critical pressure, 22.089 22.120
P, MN/m? ]
Critical tempera- | 374.02 374. 15
ture, Tc’ °c
Critical density, 0.317 0. 31546
Per 8/cm

The temperatures in this table are on the I. P. Scale. The critical temperature TC of
reference 3 on the thermodynamic scale is 374. 136° C.

The WASP subprogram was developed to be used in fluid-flow and heat-transfer
calculations. There are independent calls for obtaining any one of the three state vari-
ables (pressure, density, and temperature) as a function of the other two (see table I,
OPERATIONS SHEET FOR SUBROUTINE WASP). In addition, temperature and all the
other properties can be obtained as a function of pressure and enthalpy (or pressure and
entropy). This option is of considerable value in forced-convection studies and cycle
analysis.

While enthalpy, entropy, and specific heats (C_ and Cv) are available in refer-
ence 3, the sonic velocity, viscosity, thermal conductivity, and surface tension were
not computed in reference 3. The sonic velocity, equation (B30), is defined in terms of
equation (1). The transport properties are discussed in the following section.

TRANSPORT PROPERTY CALCULATIONS

The thermal conductivity, viscosity, and surface tension are available in references

2Differences between the current conversion from Celsius to 1. P. Scale and that of ref. 3

are small except at elevated temperatures. These deviations did not warrant our reexamination
of equation (1).
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1 and 2, with the exception of a small region near the thermodynamic critical point for
thermal conductivity and a large region (573 to 647. 3 K) for viscosity. For these re-
gions, the tabulated values of references 1 and 2 represent the output of some interpola-
tion scheme. However, no technique for predicting transport properties in these regions
is given in these references. ‘

Viscosity and Thermal Conductivity

Reference 8 uses the simple empirical technique of reference 9 to express the vis-
cosity n and thermal conductivity A of several fluids. An excess function of density p
is added to the dilute gas function of temperature T such that

n=ng +An (4)
An =1 -1y = Flo) (5)
ny=F(T) at P=0.1 MN/m? (6)
and
A=A+ AN (7)
AX =X - Ay = Flp) (8)
A{=F(T) at P=0.1MN/m? (9)

We used this technique to obtain viscosity and thermal conductivity in the regions where
no equation existed in references 1 and 2.

The An's shown in figure 1 were obtained from the tabulated and computed data in
references 1 and 2. These data were then extrapolated through the region where no fit
is available (region 4) to predict the viscosity in that region.

Figure 1 gives a good representation for viscosity over a considerably larger range
than 573 to 647. 3 K, with deviations from the tabulated data up to 7 percent in some re-
gions and perhaps 10 percent in the critical region. References 1 and 2 list uncertainties
at +4 percent in those regions where the values were not interpolated, and no uncertain-
ties are given for the interpolated region. The analytical representations of viscosity
are given in appendix B.

The A)'s used to predict thermal conductivity were also obtained from the tabu-
lated and computed data of references 1 and 2. In this case the scatter is more acute



over a wiae range of density because these data are pressure sensitive anc are not en-
tirely represented by excess thermal conductivity as a function of censity, see figure 2.
While the curve of figure 2 represents a wicer P, T range than the region where no
curve fit is available (region V) in figure 2, the AX curve fit is used only in region V.

Generally, deviations to 8 percent in XA-calculations can be found with respect to
the tabulated data. References 1 and 2 give the deviations as 14 percent in regions
where curve fits exist, and no uncertainties are listed for the interpolated region. The
analytic forms for thermal conductivity are given in appendix B. In region IV (fig. 2)
the implicit equation for thermal conductivity from reference 2 is used. In region III an
explicit expression for thermal conductivity from reference 2 is used. These forms
were adopted over those of reference 1 because of their analytic nature.

The 0. 1-MN/m2 thermal conduactivity and viscosity output from 700 to 1700 K was
checked against the results of Svehla (ref. 10). Svehla's viscosity is 5 to 10 percent
higher and his thermal conductivity is 10 to 15 percent higher than those predicted here-
in. Since the publishing of reference 10, Svehla has found that inclusion of a rotational
relaxation effect would lower his calculated viscosity perhaps 5 percent, and lower his
calculated thermal conductivity perhaps 10 to 15 percent.

Near-Critical Thermal Conductivity

The anomalous behavior of thermal conductivity in the near-critical region was
measured by Le Neindre (ref. 11). Sengers (ref. 12) advanced a technique to predict
the behavior of near-critical thermal conductivity data for carbon dioxide. In refer-
ence 13, Sengers' technique was modified, extended to several fluids, and compared with
other methods. The technique used herein is the same as Sengers! technique as pre-
sented in reference 13, except that the proportionality constant, 3. 05x107° as given by
Sengers in reference 12, has been increased to 11. 6><10'5.

THERMODYNAMIC AND TRANSPORT PROPERTY PLOTS

Sample plots of the properties calculated by WASP are found in figures 3 to 14. 3
The triple temperature scales in these figures are to facilitate checking. Figure 3 rep-
resents density as a function of temperature for selected isobars, including the critical
isobar. No irregularities were found. Figure 4(a) represents the pressure as a func-
tion of temperature for selected isochores. These isochores exhibit distinct curvature
not only near the saturation boundaries but in the extended regions as well. The slopes

3Isobars which cross the saturation boundaries are parallel to isotherms. The plotting routine
simply connects increments in temperature.
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of the isochores as a function of temperature are shown in figure 4(b), which reveals the
nonlinear character of most of the isochores of figure 4(a). Figure 5 represents the
pressure-volume (P-V) plane for selected isotherms. Local P-V regions could be
mapped by using WASP for preliminary cycle analysis. Figure 6 represents enthalpy as
a function of temperature for selected isobars, including the critical isobar. Figure 7
represents the temperature-entropy (T-S) diagram for selected isobars. Again, local
T-S regions could be mapped by using WASP for preliminary cycle analysis.

Figure 8 represents specific heat at constant pressure and figure 9(a) represents
specific heat at constant volume for selected isobars, including the critical isobar. Note
the peaking effects in CV along the critical isobar; this indicates a discontinuity in Cv’
as well as in C_, along the critical isobar. This behavior agrees with the most recent
thinking on CV in the critical region; namely, that Cv possesses a weak logarithmic
infinity (i. e., C, = |T - Tcl'o' 06, as discussed in ref. 14). In figure 9(b), the isen-
tropic expansion coefficient (y = C /Cv) is given as a function of temperature for se-
lected isobars, including the critical isobar. Note that while C_ and Cv tend toward
a discontinuity, so also does the ratio. The regson is that C_ possesses a very strong

1

, where 1.2< By < 1. 35> and C a
rather weak ""infinity.'" Consequently, in the critical region, v diverges approximately

B
as 'T-TC‘ 2, where 1.1<62<1.3.

Figure 10 gives sonic velocity as a function of temperature for selected isobars.
Sonic velocity tends toward zero, or at least a minimum, in the critical region Cc’
which also concurs with recent thinking because

""infinity'' at the critical point Cp @ IT - Tc‘

c 1 1(@2)
o) CV an

Since C diverges in a weak manner and (BP/aT)p is nonzero and finite, C, will ap-
proach zero in a weak manner.

Figure 11 represents a plot of viscosity as a function of temperature along selected
isobars, including the critical isobar. The discontinuities of this surface at 573 and
647 K are caused by the empirical nature of the curve fit (fig. 1), as discussed previ-
ously. This discontinuity is on the average less than 4 percent, which is the same order
of accuracy as presented in references 1 and 2.

Figure 12(a) represents thermal conductivity as a function of temperature along se-
lected isobars. In this report, an attempt has been made to include the anomalous be-
havior of thermal conductivity in the near-critical regions based on references 12, 13,
15, and 16. The behavior of the near-critical thermal conductivity is shown in fig-
ure 12(b). In order for the user to obtain these values, he must add EXCESSK, which
represents the anomalous part of the thermal conductivity, to the normally computed



value of thermal conductivity. See USER'S GUIDE TO WASP, the statement COMMON/
PROPTY/ . . . . Generally, the plots of n and X exhibit some irregularities where
the various predicting techniques overlap; however, for most applications the values re-
turned are within acceptable tolerance.

Figure 13 is a plot of surface tension ¢ and Laplace constant as a function of tem-
perature. Metastable conditions near both the liquid and vapor are often required in a
system analysis and can be calculated by equation (1). A special subroutine is included
in appendix G which when used with WASP will give metastable properties; sample plots
are shown as figure 14.

Other Thermodynamic Functions

WASP provides sufficient PVT and derived property data for most users; however,
if other functions are required, the user may calculate these by using the partial deriva-
tives (E)P/ap)T and (aP/BT)p, along with the other results from WASP. Appendix H is
provided to give the user a handy reference to the so-called Bridgeman Tables which
list most of the interrelations between thermodynamic variables. (See pp. 36 and 64.)

Comparison Plots

Of utmost importance is how well equation (1), as used in WASP, agrees with the
International Skeleton Tables for steam and water (refs. 1 and 2). Figures 15 to 17 were
obtained by running all the data points listed in table 1. 2 of reference 1 (see also table 4b
of ref. 2) on each of the three input options (T, P), (p, T), and (p, P) in WASP. Each of
the figures is discussed, but the careful reader should note that discrepancies exist in
the specific volumes presented in these two references. The authors noted four obvious
errors in reference 2 by comparing references 1 (table 1. 2) and 2 (table 4b). Refer-
ence 1 was assumed to be correct. Other discrepancies occur in reference 2, for in-
stance in the specific heat Cp‘ No attempt was made to track all these errors, and the
reader should use reference 2 cautiously.

Figure 15 represents the percent relative error in density, [(ptable - pcalc)/
ptableJ X 100, as a function of density. With the exception of three points, all the
values are within +0. 25 percent and -0. 50 percent, and generally have an error of less
than 1 part in 3000. The solution for density is iterative, and perhaps the error could be
reduced somewhat by a tightening of the convergence criteria. This is not recommended
for two reasons: (1) It will require a great increase in computer time, and (2) errors in
these printed tables have been noted. The tolerance should be quite satisfactory to all
but the most critical user.

8



Figure 16 represents the percent relative error in pressure, [{Ptable - Pcalc)/
Ptablejx 100, as a function of pressure. In all cases the calculated pressures are
within +3.0 percent and -2. 0 percent of the tabulated value; most points lie within +0. 25
percent of the tabulated value. The prediction of pressure at high density (low tempera-
tures) using a fundamental equation or a state equation is quite difficult. These pres-
sure errors are all within accepted tolerances.

Figure 17 represents the percent relative error in temperature, [(Ttable - Tcalc)/
TtableJ x 100, as a function of temperature. With the exception of about a dozen points,
the predicted temperatures are within +0. 25 percent and -0. 4 percent and generally lie
within £0. 1 percent.

Usually, temperature and density are predictable because of the manner in which
the data were acquired; however, pressure is always difficult to calculate. With these
basic guidelines in mind and figures 15 to 17, it can be said that the equation gives a
faithful representation of the International Skeleton Tables (refs. 1 and 2).

USER'S GUIDE TO WASP

The user with limited programming experience should have no difficulty in following
the operating instructions for WASP. After gaining a little experience with WASP, the
only references needed are table I (the operations sheet) and table II (the units specifica-
tion).

How WASP Handles Input/OQutput

WASP is a group of subroutines designed to be used as a subprogram with the user's
program. Standard communication between the user's program and WASP is achieved
by the following two FORTRAN statements, which contain the symbols representing the
input/output parameters and options:

COMMON/PROPTY/KU, DL, DV, HL, HV, etc.
CALL WASP (KS, KP, T, P, D, H, KR)

See table I and appendix A.

Three requirements must be fulfilled for a successful call to WASP:

(1) The cards for COMMON/PROPTY/KU, DL, DV, etc. , must be included in the
user's main program or the subroutine that calls WASP. The WASP subprogram deck
must be correctly loaded with the user's program as shown in table III. The variables
MU, MUL, MUV, K, KL, and KV must be declared REAL. (K cannot be used as an



index for a subscripted variable.) However, the user can change the names of these
variables in COMMON/PROPTY/KU, DL, DV, etc., .

(2) The units system for input/output must be correctly specified. KU is an input
control specified in the COMMON/PROPTY/KU, DL, DV, etc., which must be set such
that 1 < KU =< 5. KU identifies the units system for input/output, and KU is never al-
tered by WASP. Therefore, unless the user switches from one system to another, he
need set his value for KU only once, before any calls to subroutine WASP.

There are three specified units options described in table II. The option KU=1 is
the internal program units system. The other two options are commonly used in en-
gineering calculations. If the user does not wish to use one of these options, he can
specify any desired units system for KU=4 and KU=5, provided the conversion factors
for this system are stored by the user as directed in table II.

(3) The controls KR, KS, and KP, which tell WASP what variables are to be used
as input and what properties are requested for output, must be correctly initialized in
the call statement for subroutine WASP. The corresponding input variables in the call
statement and COMMON/PROPTY/ . . . must also be correctly initialized.

KS and KR are controls that determine which of the variables T, P, D, H, or Sor
combinations thereof are needed as thermodynamic input. KP is an input control which
specifies which properties are sought as output.

KR is also an output variable since it gives the correct region number for the vari-
ables in a specific call to WASP, as shown in the sketch in table I. Depending on the
input for KS and KP, the other possible output variables are T, P, D, H, and all of
COMMON/PROPTY/ except the control KU.

As mentioned above, KR is both input and output and must be reset before each call
to WASP. The input options are

(a) KR=0 when user wishes WASP to determine a value for KR

(b) KR=1 when user wishes saturation conditions4
The output for KR will be

(a) KR=1 for saturation

(b) KR=2 for liquid

(c) KR=3 for vapor

KS specifies which variables are to be used as input for a call to subroutine WASP.
(In the remaining discussion on WASP input/ output, the input variables are assumed to
be in user's units specified by KU. Output is always returned in the KU system of units. )

4Saturation or coexistence conditions exist on the PVT surface when pressure is a function of
only temperature and the liquid and vapor states both exist at that pressure. Thus when KR=1,
two outputs for each property are available in COMMON/PROPTY/ and only one independent
variable is required for some input options, as shown in the KS-KR input/output chart.

10



The following table shows the input and output for all KS, KR combinations:

Thermodynamic State relation specification, KS
region specifica-
tion, 1 2 3 4 5
KR
Input
0 T and P Tand D | P and D P and H P and S
1 T or P2 T P P P
Output
1 T or P?, P T T, DL, DV | T, DL, DV
DL and DV
D P T Dand T Dand T
3 D P T Dand T Dand T
311 T is the desired input, set P = 0.0 prior to the call and vice versa. Then

WASP will return the correct saturation value for the 0.0 input. If both T
and P have an input value # 0.0, WASP uses T but will not alter P input.

KP is an input control that specifies which derived and transport properties are re
quested by the user. It is the sum of the individual KP options and is described in ta-

ble I. This binary sum allows WASP to uniquely identify any combination of requests.
The following table shows the output locations for the specific KR and KP combinations:

Value added| Output for Output for KR=1 Name of calculated property
to KP input | KR=2 or 3
Liquid Vapor
0 --- --- --- None requested
H HL HV Enthalpy
2 S SL sV Entropy
CP CPL CPV Specific heat at constant pressure
4 cv CVL cvv Specific heat at constant volume
GAMMA | GAMMAL | GAMMAYV | Specific-heat ratio
C CL cvp Sonic velocity
8 MU MUL MUV Viscosity
16 K KL KV Thermal conductivity
SIGMA SIGMA -—- Surface tension of the liquid as a
39 function of temperature
ALC ALC --- Laplace constant as a function of
temperature

11



Troubleshooting for User Errors

After experience with WASP, we have found that several common errors are easily
detected and corrected.

(1) Failure to set 1= KU =< 5 will cause a "'division by 0. 0" and/or no valid
answers. Set KU to its proper value.

(2) Failure to set 1 =< KS =< 5 will most likely cause a halt to the program because
of an execution error. The branching on KS in subroutine WASP is a computed "GO
TO.'" Simply set KS to its proper value.

(3) Failure to set KP will return enthalpy if KP is odd and no derived properties if
KP is even.

(4) If a wrong value is entered for KR, it is treated as KR=0. If a user enters
KR=1 when he does not want saturation properties, he will get them anyway for T < T.
and otherwise will get a wrong answer.

(5) Ifany T, P, D, H, or S is entered incorrectly, that value will be used and the
answer will be wrong.

(6) If the COMMON/PROPTY/ is duplicated incorrectly, there are a variety of pos-
sible errors, almost all serious.

Other small problems may be encountered if WASP is modified for different com-
pilers or computers. The FORTRAN IV coding in WASP is machine independent except
for a few Hollerith format statements which can be easily changed. The reader who
needs more detailed information should read the appendixes.

Additional Information

The approximate core storage for the complete WASP program is (14650)8 = (6568)1
locations.

0

The time estimates were obtained by running an average of 100 calls over the entire
PVT range for each option indicated. The shortest call was for pressure, KS=2, at an
average of 4 milliseconds per call for T > Tc and 17 milliseconds for T < Tc' The
call for density, KS = 1, varied from 17 to 40 milliseconds for all regions, with the
greatest time being consumed in the near-critical region. The call for temperature,
KS=3, varied from 11 to 70 milliseconds per call, with the least time used when P > PC
and the most time used in the near-critical region. The call for density and all the de-
rived properties, KS=1 and KP=63, varied from 38 to 120 milliseconds per call depend-
ing on the density call and the regions for the transport properties.

The P, H and P, S calls, KS=4 and KS=5, each required from 300 to 800 milliseconds
per call, with the greatest time in the near-critical region. These results are sum-
marized as follows:

12



State relation specification, KS

1 2 . 3 4 5 1

Thermodynamic and transport properties specification, KP

0 0 0 0 0 63

Time, msec/call

17 to 40 | 4to 17 | 11 to 70 | 300 to 800 | 300 to 800 | 38 to 120

Problems Previously Encountered When Converting to Non-IBM Machines

or Different FORTRAN IV - FORTRAN V Compilers

The problems encountered in converting to different equipment are as follows:

(1) IBM 360 users should run in double precision by inserting implicit REAL*8
(A-H,0-Z) and REAL*8 MU, MUL, MUV, K, KL, KV in subroutine WASP and implicit
REAL*8 (A-H, O-Z) in all other subroutines. Change COMMON/PROPTY/KU, KZ, DL,
DV, etc., for proper alinement.

(2) Data statements are found in subroutines BLOCK DATA, THERM, VISC, and
SURF. Many compilers differ in formating data statements.

(3) The multiple-entry routine (CHECK, TCHECK, PCHECK, DCHECK) has an en-
try point, DCHECK, whose input vector (KU, D) does not correspond in kind and number
with the other entry points (KU, KR, T) or (KU, KR, P). To our knowledge this has
caused a problem on only one compiler, a FORTRAN IV for a CDC 3800. It was easily
remedied by an equivalence statement.

The authors adapted the code to fit the following compilers and machines: UNIVAC
1108, CDC 3600, CDC 6600, IBM 360/67TSS, and IBM 7094-7044 DCS.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, April 26, 1973,
502-04.
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APPENDIX A

SYMBOLS
Mathemat- FORTRAN Definition
ical symbol5
symbol
Aij A1, J) coefficients of terms in Q-function (see table IV)
ALC Laplace constant
c C sonic velocity, cm/sec
CL sonic velocity of saturated liquid, cm/sec
Ccvp sonic velocity of saturated gas, cm/sec
Cl SIC1
coefficients of terms in 11/0 function (see table IV)
C5 SICH
Cp Ccp specific heat at constant pressure, J/(g)(K)
CPL specific heat Cp of saturated liquid, J/(g)(K)
CPV specific heat Cp of saturated vapor, J/(g)(K)
C, Ccv specific heat at constant volume, J/(g)(K)
CVL specific heat C_ of saturated liquid, J /(gK)
Cvv specific heat Cv of saturated vapor, J/(g)(K)
D, CPSI)
> coefficients for vapor pressure curve (see table IV)
Dy, CPS7)
E E=4.8
H H enthalpy, J/g
HL enthalpy of saturated liquid, J/g

5Symbols used in each individual subroutine are identified in that subroutine (see appendix C).
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w oz o ©

_ 1000
7=

HV

©Z 857

QCALC

SL
SV

GAMMA
GAMMAL
GAMMAV
MU

MUL

DV
RHOA
RHOB
SIGMA

TAU

enthalpy of saturated vapor, J/g

thermodynamic and transport properties specification

thermodynamic region specification

state relation specification

units specification

pressure, MN/m2

data-fitting function

specific gas constant for water, 0.46151 J/(g)(K)
entropy, J/(g)(K)

entropy of saturated liquid, J/(g)(K)

entropy of saturated vapor, J/(g)(K)

temperature, K

internal energy, J/g

ratio of specific heats, Cp/Cv

ratio of specific heats for saturated liquid

ratio of specific heats for saturated vapor

dynamic viscosity, g/(cm)(sec)

dynamic viscosity of saturated liquid, g/(cm)(sec)
dynamic viscosity of saturated vapor, g/(cm)(sec)
thermal conductivity, W/(cm)(K)

thermal conductivity of saturated liquid, W/(cm)(K)
thermal conductivity of saturated vapor, W/(cm)(K)
density, g/ cm?

density of saturated liquid, g/cm3
density of saturated vapor, g/ cm®
constant used in Q-function, py =0.634
constant used in Q-function, Py = 1.0

surface tension, dyne/cm

temperature parameter, K~ 1

15
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TAUA
TAUC
PSI
PSI0

PSIT

QTD

QDT

Q2T2C

Q2D2T

Q2DT

constant used in Q-function, T, " 2.5
1000 divided by critical temiperature expressed in kelvin
Helmholtz free energy, J/g

reference function, J/g

partial derivatives used in evaluating ¢ and its derivatives



APPENDIX B

PROPERTY EQUATIONS OF WASP

The equations used in WASP were those taken from Keyes, Keenan, Hill, and Moore
(ref. 3), Schmidt (ref. 2) and the ASME Steam Tables (ref. 1) and those developed by the
authors.

FUNDAMENTAL EQUATION

The basic equation of WASP expresses the Helmholtz free energy in terms of p
and T,

¥ =y(p, T) (B1)
whereas the equation of state is usually expressed as
P =P(p, T) (B2)

Equation (B1) is complete inasmuch as the required thermodynamic functions are deriva-
tives of ¥ and undetermined constants and/or functions are not required. For example,
specific heat at ''zero'’ pressure Cp , which is a function of temperature, is not re-

0

quired in the Y -form; however, in the P-form (eq. (B2)), Cp is required to obtain
entropy, enthalpy, and specific heats. 0
When equation (B1) is expanded, ¥/ becomes

¥ =¥o(T) + RT{In p + pQlp, 7)] (B3)

where

1. -E
Ayl -p) e P(Ag 1+ 40, 1P

H.Mm

7 ) 8 .
+(r-7.) z; (r - Ta)]-z Z Aij(p - Pb)l-l + e—Ep(Agj + Alep) (B4)
j= i=1
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Yo(T) = Cy + CoT + CoT2 4 (C, + CoT)In T (B5)
0 1+Cy 3 4+ Cs

1000
, = 1000

K1 (B6)
T

p, = 0.634 g/cm’

P, =10 g/cm3

_ -1
Tq = 2.5 K
> (B7)

7o = 1.544912 K™}

_ 3
E=4.8cm"/g
R = 0.46151 J/(g)(K)
and the constants Cl’ R 05 and Aij are given in table IV.

DERIVATIVES OF Q

The derivatives of Q are required to evaluate any of the thermodynamic properties:

7 ) 8 .
<£) = 2 (r - ‘7'21)1_2 Z Aij(p - pb)l-l + e_Ep(Agj + Alep)
7/ j=2 i=1
7 : 8 .
a6 - D A - )t e e FRag 4 A 0) (B8)
1=3 i=1

8 .
<3_Q) = G-DA - p) 2 v e BPL B |+ A o)+ Agg 1)
Pp T i=2 ’ 3 3
! 2] i2  -E
+ (7 - TC) z (r - Ta)']- Z (- I)Aij(p - pb)l- + € D[_ (Agj + Alep)E + Ale]
o2 i2
(BY,
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2 1 N .

7Q _ _ . )2 E ;o _ \i-2, -Ep,_ }

—a-‘—)—% =, ; (r Ta) [ ; (i l)Ai].(p pb) +e EAgj EpAle + Ale)J
J: 1=

7 . 8 )
+ (7 - Tc){a G4 -2+ - Ta)J'a [22 (- I)Aij(p - pb)l-z + e Ep EAgj - EAmjp + Amj)]}
= i=

(B10)

2 8 .
(QJ;) =3 Ayl - DG - 206 - )" 4 e B[ BAg 1+ Agg 4@ - Ea]](- E)}
op - i=3

7 (38 .
+(r - 'rc)<z (r - Ta)]-z{z Ayli - DG - 20 - pp)' ™S + e B[ EAg; + Agy(2 - Bp)](- E)})
1

i=2 1=3
(B11)
5 7 |8 :
(L‘i) =205 G- 26 -1 P Al - o)t + e FPAg; + Apgip)
572 0 j=3 i=1
1 i-4 8 i-1 E
+(7 - Tc) z G- 23 -8 - Ta)J- Z Aij(p ) pb)l_ re p(Agj * Amjp)
i=4 i=1
(B12)

THERMODYNAMIC PROPERTIES

The derivatives of { give all the functions necessary to obtain the thermodynamic
properties.

Pressure and Its Derivatives

p =pz<_a_w_> ) pz(gw_) _ pr 1000 [1 +pQ+p2(§Q>
3p /g op /- T op /.

] (B13)
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2
<Q) ~1000R |, 20Q + 4p° (Q) Q9 (B14)
ap T T cp r 2 .

(5;72) == 1(;00 pR[l +pQ + p?‘(:—?)] - Rpr&[é :j?p) + 6?) J} (B15)
P T T ' P

(92) =_<3_Ii> - (B16)
oT 0 Jor/ 1000

H =u + E (B17)
p
H-(2WD| P (B18)
or p P
dy
H = [y, + 1000 Rp<@) -7 L 000R}; o, pz(@> (B19)
oT dT T op
p
where the first term of equation (B19) is the internal energy u.

s 1/
g 1000 R 1+pQ+T(QQ> +p<ﬁ) +¥g - T2 (B20;

T or f ap - dT
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p dT

oH g 2/0 2
(——>=-T +R1+pQ+p(-Q)-7p(—Q>-7p——
aT 2 d A f

Specific Heats

Constant volume:

Ju
C =(9u
v (a'r)

2
2 d
Cy=- RpTZ I 7 ﬁ]
872 0 de

Constant pressure:

oT
C, - (ﬁ) - (@) — P
T 0 ap T

(B22)

(B23)

(B24)

(B25)

(B26)

(B27)
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""Isentropic'' expansion coefficient:

C
y =2 (B28)
CV
Sonic Velocity
c? = (il-?) (B29)
op S
c? - y<i13> (B30)
op T
Vapor Pressure Curve
7
. D,
logyg P = (1+Dy) + D.(T - 273.15)) + (B31)
- ) T - 273.15
]:

where the original data are in bars and °C whereas pressure and temperature in the pro-
gram are in MN/m2 and K, hence the forms 1+ Dl) and (T - 273. 15).

TRANSPORT PROPERTIES

The transport property equations are not as concisely defined as the fundamental
equation. The transport maps for viscosity and thermal conductivity are broken into
several regions, as shown in sketches a and b, respectively, and individual curve fits

are presented for each. Also, several regions are void of description as they exist in
references 1 and 2.
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~Region 4 en!
-~
g ,~Region 1v
B
- ,~ 80MN/m? g
- 8 ~Region III
Z =
g E Region V-
< Q
£ Region 3 c Region 11
/ I
f T
i 2 ¢
/J 0.1 MN/m Temperature, T, K
* Region 2 )

573 T
Temperature, T, K

(a)
Viscosity

Atmospheric pressure. - For P = 0. 1 MN/m2 and 373.15 K< T < 973. 15 K,

ny = bl(l - bz) + by x1076 (B32)
T
C
Region 1. - For P_ . <P <80 MN/m? and 273.15 K< T < 573. 15 K,
__a®
- P (T/T )-a
n=106a1 1+(-&-—ia—?xa4(l-a5>><10 ¢ 3 (B33)
pC PC TC
. 2
Region 2. - For 0.1 MN/m“ < P < P .t and 373,15 K< T < 573. 15 K,
n = {nx10% - 10 £ ey - cyf-L- 03) x 1076 (B34)
pC TC
Region 3. - For 0.1 MN/m? < P < 80 MN/m? and 648.15 K < T < 1073. 15 K,

3 2
n=[npx10% + day(2) 4 a0 ), dy (£ )| x1078 (B35)
pC pC pC
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Region 4. - Tabulated values of viscosity in region 4, as well as computed values of
viscosity at equivalent densities, were plotted as per figure 1. The resulting curve
gives an accurate representation of these data, with the exception of those values along
the saturation locus in the near-critical region. As can be seen, deviations of up to
7 percent, and 10 percent at the critical point, are common.

k=1 for p/pc54/3

(B36)
k=2 for p/pc>4/3

Y

n =g+ (B37)
0.0192
where
vecoxticax3+C X2 +Cp X +C (B38)
=CpX + C X" + CgpX 2K 1k

X = 1og10<£’_> (B39)

pC

The following coefficients are used in the viscosity equations:

a; = 241.4 cy = 586. 1198738
a9 = 0. 3828209486 Cy = 1204.1753943
ag = 0.2162830218 Cq = 0. 4219836243
ay = 0. 1498693949 dl 111, 3564669

ag = 0.4711880117
dg = 67.32080129

by = 263. 4511 d.,, = 3.205147019

3
by = 0.4219836243

b3 = 80.4

24



Cix = -6. 4556581
Coi = 1. 3949436
Cg) = 0.30259083
Cyy = 0. 10960682
Cgj = 0. 015230031
For k=2,

Cix = -6.4608381
Co) =1.6163321
Cq = 0.07097705

C4k = -13.938

CSk = 30. 119832

Thermal Conductivity

Atmospheric pressure. - For P =0.1MN/m? and 373.15 K < T < 973. 15 K,

Ay =(17.6 4 0.0587 t + 1.04x10™% 2 - 4. 51x1078 ¢3) x 10-5 (B40)
where
t=T-273.15 (B41)

RegionI. - For P_, <P <50.0 MN/m? and 273.15 K< T < 623 15 K,

P-P P-p
X=ds; [ ——Satl g [~ “sat)g [1 402 (B42)
1 5 2 = 3
C C
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where

4 .
S1 =2ai<—3->1 (B43)
T
C
=0
3
o\
S, = b.1<_> (B44)
TC

i=0

3
Sy = Z%(l)l (B45)
- TC

Region II. - For the following ranges of pressure (in MN/mz) and temperature
(in K):

0.1< P=<17.5 and Tsat<T< 973. 15

17.5< P=22.5 and 673.15 < T <973.15
22.5< P =27.5 and 698.15 < T < 973.15
27.5< P = 35.0 and 723.15 < T < 973.15
35.0 < P < 45.0 and 773. 15 < T < 973.15
45.0 < P = 50.0 and 823. 15 < T < 973.15

thermal conductivity is

14

A= [ny +(103.51+0.4198 t - 5 T71x10°5 2)p + 22482X10°7 (2| 3070 (B46)
4.2
A.

where

t="T-273.15 (B47)
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Region III. - If the (P, T) is not in region II (see eq. (B54)) but P < 50 MN/m2 and
373.15 K < T < 973.15 K, then the following should be used:

1. 445 4
A<_T_> d32(3> exp| - 9d33(l-1>
A= T(' + PC Tc X <doe - d Pe -d T
35 ~ 36 33

-7 -12 P T
1-Bd,, [-L 1+d. [ c c
31{ 7 34(p
c c (B48)

P

A= a31(——> +ag9 (B49)
P,

vs]
|
o
w
[u—y
TN
o0 |
~
N
[#V)

= (B50)

C = £ - Cqq (B51)

Region IV. - If the (P, T) is not in region III (see eq. (B54)) but P < 50 MN/m2 and
T > 623. 15 K, then the following should be used:

8
T § i /p E i
(T—> = ) agk + (P‘ - C40> b4k (B52)
C - C

where
k =100 x (B53)

The solution for X is iterative. And
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Region V. - In region V, tabulated values of thermal conductivity as well as com-

is the boundary of region III-IV.

puted values of thermal conductivity at equivalent densities were plotted as per figure 2.
The resulting curve gives a good representation of the tabulated values, except along
the saturation locus. However, deviations up to 8 percent, and 10 percent near critical,
can be expected as listed in the table. These tabulated data and this curve fit do not in-
clude the anomalous behavior of thermal conductivity in the near-critical region.

k=1 for £ <2.5 (B55)
pC
k=2 for £ >2.5 (B56)
pc
=g 10Y (B57)
where
¥ e Co Xt C X3 4 C X2 +Cop X + C (B58)
=CgX + Cyi 3k 2k 1k
and
X = logy L (B59)
pC
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The constants used in equation (B58) are as follows:

For k=1,
Clk = -0.5786154
C2k = 1. 4574646404
C3k =0.17006978
Cyy = 0. 1334805
C5k =0.032783991
For k=2,

Clk = -0.70859254
C2k =0.94131399
C3k = 0.064264434
Cy =1 85363188.

C5k =1.98065901

The following coefficients are used in the equations for thermal conductivity:

ay = -0.92247 by = -0.20954276

ay = 6.728934102 b1 = 1. 320227345

as = -10.11230521 b?_. = -2. 485904388

ag = 6.996953832 b3 =1.517081933

a, = -2.31606251 b31 = 6.637426916x10°
a5, =0.01012472978 b32 = 1. 388806409
agg = 0.05141900883 b40 = 1.514476538
a0 = 1. 365350409 b41 = -19. 58487269
Qyq = -4.802941449 b42 = 113.6782784
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Ayg = 23.60292291 b43 = -327.0035653
Ayg = -51. 44066584 _ b44 = 397. 3645617
a4 = 38.86072609 bys = 96. 82365169
ayp = 33. 47617334 bye = -703.0682926
ay = -101.0369288 by = 542. 9942625
ayn = 101. 2258396 b48 = -85.66878481
aug = -45. 69066893
cg = 0.08104183147 d31 = 2.100200454x100
¢y = -0.4513858027 d32 = 23. 94
Cy = 0.8057261332 d33 = 3. 458
Cq = -0. 4668315566 d34 = 13.6323539
- 5 -
Cgy = 3. 38855789410 d35 =0.0136
= - -3
Cgg = 576.8 d36 = 7.8526%10
Cgq = 0. 206
e = 50. 60225796
C40 = 1.017179024
eg = -105. 6677634
eq = 55. 96905687

Thermal Conductivity - Anomalous Region

The Senger technique (ref. 12) as modified in reference 13 and again herein is cal-
culated for 0.4 < p/pc = 1.6. Let

0.35
1--L

TC

1/0. 35

xB -

1-£
pC
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and >‘F represent the nonanomalous or frozen thermal conductivity. For XB < 0. 4,

-5
: 11. 6x10
A-Ap= : (B60
F 1.71 )
P11 - L
Pe P |
For XP >3
11.6x107°
A-Ap = : - (B61)
.6
‘/.& 1.-T
Pe Te
For 0.4=<XxP <3
X
-5 .%o
A <A = 11:6x107° 10 (B62)
‘/g I
pC TC
where
4 .
_ i
X, = Z a.e (B63)
0
¢ = log, o XP
and

ag = -0.17384732
a; = 0.82350372
ag = -1. 55213983
ag = -0. 12626138

ay = 2.83922425
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Surface Tension and the Laplace Constant

Surface tension is given by

2 5
T-T ‘
2 J +-§: a,(T - T,)! (B64)

g =
1-0.83T-T,) %

where
ay = 0.1160936807

1. 121404688x10°3

ag =
ay = 5.75280518x10°
a, = 1. 28627465x10" 8

ag = 1. 149719240x10™ 11

Lo/ —2 (B65)
g(pL - Pv)

where g is the local acceleration. If g is the acceleration of gravity,

The Laplace constant is

g = 980.665 cm/sec’ (B66)
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APPENDIX C

DESCRIPTION OF IMPORTANT SUBROUTINES IN WASP

This appendix includes a discussion of the input/output and important features of
the major subroutines in WASP. The method of solution used for the equations is indi-
cated. The equation numbers refer to equations presented in appendix B. The FOR-
TRAN IV variables mentioned correspond to the program listing in appendix E. The
shorter subroutines not included in appendix C are completely described by comments in
the listing in appendix E. Subroutine WASP has been described in the main text, in ta-
bles I and II; hence, the reader is assumed to be familiar with subroutine WASP.

MATHEMATICAL ROUTINES

The mathematical routines are as follows:

(1) Function SOLVE (X1, F, DF): This routine performs a Newton-Raphson itera-
tion given the initial estimate X 1, the function F, and the derivative function DF. The
convergence is determined when l(XN - XN_I)/XNI < TOL. The value of TOL is 1. E-5
for iterations 1 to 40, 1. E-4 for 41 to 60, 1. E-3 for 61 to 80, and 1. E-2 for 81 to 100.
In all cases studied the convergence was usually obtained in fewer than 40 iterations.
For the exceptions, usually in the near-critical region of the PVT surface, the values
returned with the increased tolerance are the best obtainable using equation (B3). The
maximum number of iterations is 100, and an appropriate message is written if this
number is reached.

(2) Subroutines ROOT (X0, X2, FOFX, FUNC, X1) and ROOTX (X0, X2, FOFX,
FUNC, X1): These two routines are identical except for name. The duplication is nec-
essary for the double iterations in the solutions for temperature and density given pres-
sure and enthalpy (KS=4) or pressure and entropy (KS=5) as input. (See also table I.)

The solution method is a modified half-interval search technique for a monotonic
function, FUNC, with a root between X0 and X2 such that FUNC(X1) = FOFX where X1
is the answer returned. The number of iterations does not exceed 100, and the tolerance
is varied in the same manner as in function SOLVE. In addition, both the root and the
function value FUNC(X1) must meet a tolerance. While the tolerance on X1 is TOL, the
tolerance on FUNC(X1) is 10+TOL. Error messages are written when the iterations
reach 100 or when there is no solution in the interval X0 to X2.
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Q-FUNCTIONS

These routines use D and TAU in program units of KU=1. Entry points with TAU as
input indicate an iteration where D is known, while entry points with I and TAU as input
are used in solving for D and in calculating all derived properties.

The Q-functions are as follows:

(1) Function QMUST(D) calculates summation terms involving D needed by other
Q-functions and stores them in COMMON/QAUX/ and /QSI/. ENTRY QMUSTZ(TAU)
calculates summation terms involving TAU and stores them in /QAUX/.

(2) Function QCALC(TAU) calculates equation (B4).

(3) Function QTD(TAU) calculates equation (B8).

(4) Function QDTA(TAU) and ENTRY QDT(D, TAU) calculate equation (B9).

(5) Function O2DTA(TAU) and ENTRY Q2DT(D, TAU) calculate equation (B10).

(6) Function ©Q2D2TA(TAU) and ENTRY Q©2D2T(D, TAU) calculate equation (B11).

(7) Function Q2T2D(TAU) calculates equation (B12).

FUNCTION CHECK

Function CHECK includes

(1) ENTRY TCHECK (KU, KR, T)

(2) ENTRY PCHECK (KU, KR, P)

(3) ENTRY DCHECK (KU, D)

These entry points convert the variables from the user's units to the program's
units, represented by KU=1, and check for out-of-range variables. Appropriate mes-
sages are written for any out-of-range input, but the calculation is allowed to continue.

The following subroutines use the mathematical routines, the Q-functions, function
CHECK, and the subroutines listed with each in table V. The use of these subroutines
is determined by the KS and KP options (see table I) and are called by subroutine WASP.
If a user wants to use only a few of these subroutines, he can disassemble the WASP
program by following the instructions in appendix D and the discussion for the routine of
interest. Subroutine WASP uses the temperature parameter TAU (in user's units) for
input to the subroutines. All the derived thermodynamic property and transport property
subroutines assume that TAU, P, and D have been previously calculated. These sub-
routines are called twice by WASP for saturation properties, once with DL and once with
DV as input for D.
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SUBROUTINES TO OBTAIN STATE VARIABLES (KS OPTIONS)

The subroutines used to obtain the state variables are as follows:

(1) Subroutine DENS (KU, TAU, P, D, DL, DV, KR): This routine solves equa-
tion (B13) for the density, given TAU and P in units indicated by KU. The region num-
ber (KR) is returned, and the density is returned in D for KR=2 or KR=3. For KR=1,
the saturation values are returned in DL and DV. If KR=1 for input and either TAU=0
or P=0 for input, the saturated value is calculated and returned for the variable which
was input as 0.

The solution is obtained by ROOT for subcritical pressures and by SOLVE for sat-
uration or supercritical pressures. Special initial estimates were found necessary for
convergence near subcritical temperatures with SOLVE and for the interval used by
ROOT in the region P> P_ and 373.15 K < T < 453. 15 K (100° C < t < 180° Q).

(2) Subroutine PRESS (KU, TAU, D, P, KR): This routine calculates pressure
(eq. (B13)) as a function of TAU and D in regions KR=2 and KR=3 and as a function of
TAU only in region KR=1 (using subroutine PSSS). The result, P, is returned in user's
units indicated by KU. The correct value of KR is also returned and the calculation is
direct. ’

(3) Subroutine TEMP (KU, P, D, TAU, KR): This routine solves equation (B13) for
the temperature parameter TAU, given P and D in user's units specified by KU. In re-
gions KR=2 and KR=3, SOLVE is used to obtain the solution. In region KR=1, which is
either input or determined, TAU is a function of P only and is obtained from subroutine
TSS by solving equation (B31) for TAU. Subroutine TSS also uses SOLVE. The correct
KR is returned.

(4) Subroutine TEMPPH (KU, P, H, TAU, D, DL, DV, KR): This routine solves
equation (B13) by using equation (Bx0) for the temperature parameter TAU and density D,
given P and H as input in user's units indicated by KU. The double iteration is per-
formed by using ROOT and ROOTX with function TSHF for regions KR=2 and KR=3. In
region KR=1, the saturation values are determined for DL and DV by DENS, and TAU is
found by function TSS (using SOLVE). KR is also returned.

(5) Subroutine TEMPPS (KU, P, S, TAU, D, DL, DV, KR): This routine solves
equations (B13) and (B24) for TAU and D in the same manner as TEMPPH, using P
and S as input and function TPSF for the double iteration with ROOT and ROOTX.

SUBROUTINES TO OBTAIN DERIVED THERMODYNAMIC PROPERTIES

The subroutines used to obtain derived thermodynamic properties assume that the
variables TAU and D have been input or previously calculated in the user's units. This
condition is satisfied in subroutine WASP. When KR=1 is input or has been so deter-
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mined, subroutine WASP makes two calls to each routine, once using DL and once DV
for input D; and the corresponding saturated variable is output [(HL, SL, etc.), (HV,
SV, etc.)]).
These subroutines are as follows:
(1) Subroutine ENTH (KU, TAU, D, H): This routine calculates enthalpy H in
user's units (KU) by using equation (B20).
(2) Subroutine ENT (KU, TAU, D, S): This routine calculates entropy S in user’s
units (KU) by using equation (B24).
(3) Subroutine CPPRL (KU, TAU, D, CP, CV, GAMMA, C): This routine calculates
the following in user's units indicated by KU:
(a) Specific heat at constant pressure, CP, eq. (B27)
(b) Specific heat at constant volume, CV, eq. (B26)
(c) Specific-heat ratio, GAMMA, eq. (B28)
(d) Sonic velocity, C, eq. (B30)
In addition, the first partial derivatives of P are calculated and returned in COMMON/
PARTLS/PTV, PDT in the units of KU=1 only. PTV is equation (B16) and PDT is equa-
tion (B14).

SUBROUTINES TO OBTAIN TRANSPORT PROPERTIES

The three routines used to obtain the transport properties assume that the input
variables for pressure and density and the temperature parameter r are all available
in user's units. They are called twice by WASP for saturation conditions, once with DL
and once with DV as input for density DIN.

(1) Subroutine VISC (KU, KR, TIN, PIN, DIN, SVISC): This routine uses TIN, PIN,
and DIN as input in user's units KU. Dynamic viscosity, SVISC, is calculated by using
one or more of equations (B32) to (B39), depending on the region of the input variables
as shown in figure 1 and explained in appendix B. All calculations of dynamic viscosity
are direct evaluations of curve fits.

(2) Subroutine THERM (KU, KR, TIN, PIN, DIN, EXCESK, TCOND): This routine
uses TIN, PIN, and DIN in user's units KU to calculate the thermal conductivity TCOND
in user's units KU. An optional coding section calculates the critical excess thermal
conductivity associated with the critical anomaly in the PVT region, 0.6 <p/p c <1.4
and 0.9 < T/Tc < 1.1. See also references 12, 13, and 15 and the subroutine listing
in appendix E.

The equations used for thermal conductivity are (B<0) to (B59) for the different re-
gions as shown in figure 2. The equation for region IV (e¢. (B52)) is iterative. The
thermal conductivity for the other regions is calculated by direct evaluation of curve fits.
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(3) Subroutine SURF (KU, KR, TIN, SURFT): This routine uses TIN, the input
temperature parameter, in user's units, to calculate both the surface tension of liquid
water and the Laplace constant. The calculated surface tension is returned in SURFT,
and the Laplace constant (ALC) is returned in COMMON/LAPLAC/ALC. The statement
COMMON/LAPLAC/ALC must appear in the user's calling routine if the Laplace con-
stant is desired.
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APPENDIX D

MODULAR DESIGN OF WASP

A user with limited core storage or with specific property needs may wish to use
only parts of WASP. The subroutines have been coded so that most of the subroutines
corresponding to the '""KP option'' requests may be removed without causing errors in
logic or calculations. Table V indicates which routines are absolutely necessary and
which are optional. The conditions for removal must be strictly followed. For sim-
plicity, the KP options are discussed as though only one option was being requested. In
reality, the input variable KP is always the summation of the KP option variables. To
modify a statement number in subroutine WASP, simply replace it with a continue
statement of the same number. For example, to remove the viscosity option, remove
subroutine VISC. In subroutine WASP, alteration would read as follows:

160 CONTINUE
170 DO175 I=1, 32

If the user wishes to omit many options, he should rewrite subroutine WASP for effi-
ciency.

38



APPENDIX E

PROGRAM LISTING AND FLOW CHART FOR SUBROUTINE WASP

PROGRAM LISTING

$I1BFTC ACuUA

C
C
¢
C
C
C
C
C
¢
C

[ W a W ol ot

aNallel

SUBROUTINE WASP (KSeKP TToF4DyHiKR)

KEYFS KENNAN HILL MOORE EQUATIGN OF STATE FOR WATER

----------------------- VERSION MARCH 1,1$72~m==mmmmmcmmcem e

COMPUTE THE STATE RELATIONS ANO THERMODYNAMIC AND TRANSPORT
PROPERTIES OF WATER GIVEN TEMPERATURE TT, PRESSURE P,
CENSITY O, OR ENTHALPY H, OR ENTROPY S. STATE RELATIONS ARE
SPFCIFIED BY KS. THERMOUYNAMIC AND TRANSPORT PROPERTIES

ARF SPECIFIED 8Y KPe IF KR IS RETURNED OR SPECIFIED AS 1,
PROPERTIES ARE- COMPUTED AT SATURATION.

CU”“ON/PRUP'Y/KU;DL.DV'HLOHV9S'SL!SVvCVoCVLvCVVvCPvCPLcCPVoGAHHAv
IGAMMAL s GAMMAVY ¢ C v CL +CVP MU ¢ MUL + MUV ¢ K ¢ KL KV o SIGMASEXCLWEXCV»EXCESK
REAL MUMUL e MUV K oKL oKV

COMMON /CHECKS/DCHL, DCH2sPCHLsPCH2oPCH3 ¢ TCHL s TCH2 s TCH3 ,0STTSTHH
1SCH1+HSCH?

TAU IS ThE TEMPERATURE PARAMETER USEL IN THE EQUATIGN OF STATE
TAU IS EQUIVALENT TO T IN THIS SUSBROUTINE

OIFENSICN KPCLU32)s KPC2(32)s KPC3(32).,KPC4(32)
NATA KPC1 /203!607@10011.14715-180l9n22v23926'27'300310340350380
139042+43¢46+47+5045105499455¢58¢59,+62.:63/
DATA KPC2 /4'506o1912v13!14v15020021'22'23928v29o30|31v36137'38v
139o4‘.‘5,46.41052053o54c55-60-61062063/
CATA KPC3 /809010&llcl2'13-l4'15v24025126v27028029'30031040v‘1"2'
143¢44045046055956e5T7058:459+,60¢61:62,63/
DATA KPC4 71690174¢18019:20+21022023+2%025926027+28,29,30e31
148+49¢50051¢52+53¢54¢55456+57¢58+59+60,61+62 463/
T=1T
IF (TTeGTe0e) T=1000./TT
6C TO (10+¢20e¢30+40+45) 4KS

COMPUTE DENSITY
10 CALL DENS(KU+T osPosDeOLsDVIKR)

IF ( TY .EQ. 0e0) TT=1000./T
G0 70 S0

OGNS WN -
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20

[z Nalal

30

[N gl gl

40

45

50

(s N aNalal

55

[a N a¥a)

60

65

70

80

(2 X=X 2]

100

108
110
120

[aBalael

130

135
140

150

40

COMPUTE PRESSURE

CALL PRESS{KUeT :DeP+KR)
G0 TOo 50

COMPUTE TEMPERATURE
CALL TEMPIKU+P+DyToKR)

TT=1000./7
GO 1O 50

COMPUTE TEMPERATURE AND DENSITY GIVEN PRESSURE AND ENTHALPY

CALL TEMPPHIKU sPoHeT oD oDL yDV.KR)

TT=1000./7

60 TO SO

CALL TEMPPS ( KUoPeSeToDeDLsOVeKR )
TT=1000./7

IF (KReNE21eORe(KSeEQeleCRKS«GT3)) GO TO 55

OBVAIN SATURATION DENSITIES DL AND DV FOR KS=2 AND KS=3 CALLS WHEN
K

R=]

CALL OENS(KU.T+PsDsDL,OV,1)
IF (MOO(KP.23)60,70,60

COMPUTE ENTHALPY

IF (KR.EQ.1) GO TO 65
CALL ENTH(KUT 04 H)

60 T4 70

CALL ENTH{KU«T DL HL)
CALL ENTH (KUsToDVsHV)

D0 80 I=1,32

IF (KP-KPCL(1))110,100,80
CONTINUE

60 Y0 110

COMPUTE ENTROPY

IF (KR«EQ.1) GO TO 105
CALL ENT(KU+T,D.S)

60 TOo 110

CALL ENT (KU,T+DLoSL)

CALL ENT(KU.T+DV,SV)

00 120 I=1.,32
IF{KP=-KPC2(1)) 140,130,120
CONT INUE

GO TO 140

COMPUTE SPECIFIC HEATS AND (GAMMA AND SONIC VELOCITY

IF (KR.NE.1) GO TO 135

CALL CPPRLUKU+ToDLCPL,CVLGAMMAL +CL)
CALL CPPRLIKU«T DVsCPV4CVV.GAMMAV,CVP)
GO TO 140

CALL CPPRLIKUsToDCPsCVoGAMMALL)

NO 150 I=}1.32

IF (KP-KPC3(I)) 170,160,150
CONTINUE

GO TO 170



[aN ol el

[aNalal

160

165
170

175

140

220
190

240
230

COMPUTE VISCOSITY

IF (KR<NE.1) GO TO 165

CALL VISCIKUsKReT+PyDLoMUL)
CALL VISCUKUKRsT+P+DVMUV)

G0 T0 170

CALL VISC(KUsKReToP,DsMU)
DO 175 [=1.32
IF(KP=KPC4(I)) 190,180,175
CONTINUE

60 TO 190

COMPUTE THERMAL CONOUCTIVITY

IF (KR.NEsl) GO TO 220

CALL THERM (KUWKRPoT oDLoEXCLoKL)

CALL ThHERM (KUsKRyPoeToDVEXCV,KV)
GC TO 190

CALL THERM (KUeKRePoToDeEXCESK oK)
IF(KP=32) 230,240,260

COCMPUTE SURFACE TENSICN
CALL SURF (KUsKReToSIGMAD

RETURN
END

104
145
106

107
108

109
110
i1l
112
113
lie
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
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$IBFTC BLGC

C

42

BLCCK CATA

- VERSION MARCH 1+1972=———we—cecrcocceenceo-
DIMENSION A1(10),A2(10),A3(10) A4(10),A5(10),A6110),AT(10)
EQUIVALENCE (AL(1D+ACLol)DolA2(1)¢A1L4s2))4(A312)sA(L1+3D)elA4(1) AL
Iled))e(ASIL1)eAlL105))o(A6LL) sALL+6))24(ATLLDALL,T))
COMMON /CODE/ MESSAGL16)
CCMMON /COF/ A(10+7)
CCMMON /CRIT/ RHOCRT+PCRT,TCRT
COMMON /CCNSTS/ TAUCoRHOARHCB +TAUALE 4R
CCMMON/CHECKS/DCHL1+DCH2,PCHL osPCH2+ PCH3 ¢ TCHL 9 TCH2+TCH39DST 4T ST,
1HSCH1+bSCH2

COMMON/COSAT/CPSLy CPS2+CPS3+CPS5S44CPS5,CPS6,LPST

COMMON /SICOF/ SICLeSIC2+SIC3,5IC4,S1C5

COMMON /CONVL/DCONVIS)

COMMON /CONV2/TCONV(S)

CCRMON /CONV3/PCONVLIS)

COMMCN/CONYV4/SCONVI(S)

COMMON/CGNVS/CCONVIS)

COMMON/CONVE/HCONVLS)

COMMON/CGNVT/MNCONVIS)

COMMCN/CONVB/KCONVIS)

CGMMCN/CONVI/STCONVIS)

REAL MCONV.KCONV

DATA A1/7290492937¢-13213917+274.64632,-360+53828+342.18431,
1 ~244.50042¢ 155418535, 5.4%728487y -410.30848, -416.05860 /
OATA A2/ ~5.1985860¢ 77779182+ -33¢301902y ~16+254622+-177+31074,
1127.48742¢ 137.46153¢ 15547836+ 337.31180, -209.88866 /
DATA A3/ 6483353549 ~2€14%751 ¢ 6503263964 ~26.181978y 4%0.,
1-137.46618, ~733.96848 /

OATA A4/ =e1564104¢ —e725640108, =9.2734289 4312584, 4%0.,
1 6.7874583, 10.401717 /

DATA A5/ —6+43972405¢ 264042824 -47e740374+ 56432313, 4%0.,
1 136.873)17. 645.8188 /

DATA A6/ ~3.9661401s 15453061, —-29142847: 25568756, 4%0.,
1 7984757, 399.11757 /

DATA A?/ —e69048554¢ 27407416, -5.102807¢ 39636085+ 4%0.,
1 13.041253, 71.531353 /

DATA CPSB+CPS2,CPS3.CPS4sCPSS+CPS6LPST/

1 0429304370E+01, «~00230S5TBSE+04, 0+ 34522497€-01,
2 -+13621289E~-03, 0,25878044E-06, -e24709162E-09,
3 095937646E~-13 /

OATA DCHl,DCH2PCHLsPCHZ2+PLH3 s TCHLoTCH2+TCH3,0ST,TST,
LIHSCH1oHSCH2/0e+14045394+000611+22.089¢1000 +455555556+105449912,
1 3.660900 ¢¢8+400e90¢+4700. /

DATA MESSAG /7 96H THERMODYMNAMIC AND TRANSPCRT PROPERTIES FOR WATER
1PC=218.0TATMTC= 647429 KosROC=e317 G/CC /

DATA RHOCRTOPCRT+TCRT /317, 224089+ 641.286 /

DATA SICLeSIC2,SIC3.51C4,SIC5/1855.3865¢ 342178642,
1-000037903s 46174+ ~1.02117 /

DATA TAUC+RMOA+RHOBsTAUAGE IR/ 1e544912¢ 263449 ley 245, 4e89046151/
OATA TCCNV /leeleee55555555 +2%1.0 /

DATA PCONV/1e95e869232T7014503824342%1./

OATA DCCONV/2%)] 096242834 2%1 4/

CATA SCONV/2%)1e00e238849¢2¢16/

DATA CCONV/2%)1e¢+¢003281e2%1e/

DATA HCONV/2%] 020042992942 ¢1 6/

DATA MCONV/2%)1 e00eb61) C689SE-1+2%1.0/

DATA KCONV/ 2%l aF=2,1e6C60644E~42%LeE~2/

DATA STCONV/ 2%1¢46e8521766E-5,2%14/

COPMPMON/XMINUS/XML(T)

DATA XMI/)les200301%00500600le/

END

VO~NTNSWN~-



SIBFTC ROQT]

C

aNaNala

120
130
10

80
90

150

2C

1001

30

10
40

100

110
1000

160

170 FORMAT (1HL+79HAN ITERATION HAS BEEN TERMINATED AT

1
6C

1007
10C8

1«0
141

SUBROUTINE RODTX{ X0y X2 e FOFXoFUNCoX1)

SOLVE FOR X1 SUCH THAT FUNC(X1) = FOFX,
BETWEEN X0 AND X2

COMMON /CHECK2/KOUNT

TOL=].E-5

XX0 = x0

XX2 = X2

FO = FUNC(XXx0)

F2 = FUNC(XX2)

A= (FOFX=-F0)/(F2~F0)

IF (A) 1007,120,120

IF (A-1.) 130,130,1008

IF (FOFX-0.) 80.,70,80

ASSIGN 100 TO JuMp

GG T3 90

ASSTGN 110 YO Jump

X = {XX0#XX2)/2

KGUNT = g

Xl = X

KOUAT = KOUNT + )

A = FOFX - F2

FX = FUNC(X)
FXLaFDO(X-XXO)‘IFZ-FO)/(XXZ-XXO)
B=ABS((FX~FXL)}/(F2-F0))

IF (A% {FX=-FOFX) LT« 0.) GO 70 1001
XX0 = x -
FO=FX

IF (B=.3) 10,20,20

X = (X+XX2)/24

6GC 10 4¢

XXxX2 = x

F2 = FX

‘F ‘8-03) l0|30'30

X = (xX0¢X)/2.

GO0 TO 40
xxxXOO(FDFX—FO)O(XX2~XXO)I(F2~F0)
IF (ABS((X~X1)/X)-TOL ) 50+1000,1000
60 TO JUMP,{(100,110)

IF (ABS(FUNCIX) )~TOL®] 0. 160,1000,1000

VERSION 2/1/712- ==~ cemaua

WHERE X1 LJIES

IF (ABS({FOFX=FUNC(X))/FOFX)-TOL ) 60,1000, 1000

IF (KOUNT.GT<40) TOL=TCL*1C.
IF (KOUNT.GT.60) TOL=TOL#*10.
IF (KOUNT.GT.80) TOL=TOL*10.
[F (KOUNT.LT.100) GO TO 150
WRITE (6,170) X1,X

THE LAST TwO VALUES WERE e3615.5)
X1=X
RETURN
X1l = x0
6GC TG 140
X1 = x2
HWRITE(64)41)
FCRMAT(1HO.24H SOLUTION OUT OF RANGE
RETURN
ENC

100 ITERATIONS.

—
CODNTWVEWN -

-
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S$IRFIC RCOT2
SUBROUT INE ROOT (X0+X2FOFi(+FUNC,X1)

- VERSION 2/1/72~==~— ———em——
SAME AS ROOTX - NEEDED TO PREVENT RECURS ION
SOLVE FOR X1 SUCH THAT FUNC(X1) = FOFX, WHERE X1 LIES

e EalsEalalal

120
130
ic

ac
90

150

2Q

1001

ao

1C
40
50
100
110
1000

16C

170
1

6C

10017
1008

140
14l

44

BETWEEN X0 AND X2

COMMON /CHECK1/KOUNT
TOL=leE~5

Xx0 = X0

Xx2 = x2

FO = FUNC(XX0)

F2 = FUNC(XX2)
As{FOFX=FO)/(F2-FQ)

IF (A) 1007.,120.120

If (A=-1e) 130.130.1008
IF (FOFX-0e) 80,70+80
ASSIGN 100 TO JUNP

GO 70 90

ASSIGN 110 TO JUNP

X = (XX04XX2)/2.

KQUNT = O

X1 = X

KCUNT = KOUNT + 1

A = FOFX - F2

FX = FUNC(X)
FXLaFO+{X=XX0)®(F2~FO0)/{ X)2=-XX0)
B=ABS({FX=FXL)/{F2-FO))
IF (AS(FX=-FOFX) «LTe Oo) GO TO 1001
xXX0 = X

FO=FX

IF (B-<3) 10.20.20

X = (XeXX2)/2«

60 TO 40

xXx2 = X

F2 = FX

IF (8-+3) 10,30.30

X = (XX0¢XD)/2e

GO TO %0

XeXX0+ (FCFX=FO)#(XX2-XX0)/{F2-FO)

IF (ABS((X=X1)/X)=TOL ) 50410001000

GO TO JUMP+(100.,110?

IF (ABSC(FUNC(X))-TCL*10. )60,1000.1000
IF (ABS((FOFX-FUNC(X)) /FOFX)=TOL 60,1000, 1000

IF (KOUNT«GT40) T0L=TCL*10.
IF (KOUNT<GT«60) 10L=TOL®*10.
IF (KOUNT<GT.80) TOL=TOL#*10.
(F (KOUNT.LT.100) GO TO 150
WRITE (64170) XleX

FORMAT (1HL.79HAN ITERATION HAS BEEN TEAMINATED AT 100 ITERATIONS.

T+E LAST TWO VALUES WERE +3615.5)
X1=X
RETURN
xl = X0
GO TO 140
Xl = X2
wWRITE(6.141)

FORMAT ( 1HO+24H SOLUTION CUT OF RANGE

RFTURN
ENC

VO ~NCWNSHWN-



$IBFTC SCLV

C

C
C
C

—— VERSION 2/1/712--—

FUMCTICN SOLVE(XI +FoDF)

NEWTCN-RAPHSON KITERATION GIVEN AN INITIAL ESTIMATE xI

ANO THE FUNCTIONS F AND DF
COVMMCN /CHECK]1/NI
TOL=] +E=~5
Ni=0
X0=x1
XN=X1
10 x00=x0
XG=XN
XN=X0=F(X0)/DF(X0)
NisNI+)

IF (ABS({XN-XO)/XN)=TOL ) 70,20.20

20 IF (NI<6T«40) TOL=TOL*10.
IF (N1.GT«60) TOL=TOL#*10.
IF (NI.GT.80) TCGL=TOL*10.
IF INI-100) 30,50,50

30 IF (ABS((XN-XDO)/XN)~TOL ) 40,10,10

4C XN=(X0¢XN)/2.
GC TO 10
50 WRITE (6+60) XOOs X04 XN

60 FORMAT (1HL.BLHAN ITERATION HAS BEEN TERMINATEC AT 100 ITERATIONS.

I THE LAST THREE VALUES WERE
70 SOLVE=XN

RETURN

END

+3615.5)

VNP WN -~
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S$IBFTC SCHEC

C
c
C

2 XaNaluNalal

[2EaKalal

[a N 2N g R

3

FUMCTION CHECKIKU+KKT)

———— VERSION MARCH 141972-===——==m=w=—s= —r

CCMMON/CCNV1/DCONVIS)
COMMON/CONV2/TCONVIS)
CCMMON/CONV3/PCONVLS)
COMMON/ TERROR/ TROUT

COMHONICHECKSIDCHI-DCHZ.PCHI.PCHZ.PCHS;TCHl-TCHZ.TCH3.DST-YSTn

1HSCH1+.hSCH2
OIMEMSICN FM1(9), FM2(9), FM319), FMT(9), ROLTI(LL)

DATA FML /S51H(1H +Gl2+4 ,31HIS OUT OF RANGE FOR T IN SUBe=1+Ab6 )

1/

OATA FM2 /SIHUIH «G12e4 +31HIS OUT OF RANGE FOR P IN SUBe=yAb )

1/

DATA FM3 /SIH{1H +G12¢4 +31HIS OUT OF RANGE FOR D IN SUBe=1 AL )

1/

DATA ROUT /4HDENS.SHPRESS 4HTEMP +4HENTH, 3HENT s 6HTEMPPH 6HTEMPPS

1+5HCPPRL +4HVISC ¢ SHTHERM . 4HSURF /

CONVERT TEMPERATURE T TO DEGREES KELVIN AND CHECK

FOR OUT OF RANGE« UNITS ARE SPECIFIED BY KU. IF KR
IS SPECIFIED AS 1. T IS CHECKED FOR OUT OF SATURATION
RANGE .

ENTRY TCHECK (KUsKRsT)
CHECK=1000*TCONVIKUDM/T
CH1=1000./TCH3
CH2=1000./7TCH2
CH3=1000.7/TCHL

KOCE=1

DC 1 J4=1.9

FUT(J)=FML LD

GC T0 10

CONVERT PRESSURE TO MN/Ms#2 ANC CHECK
FOR OUT OF RANGE. UNITS ARE SPECIFIED BY KU. IF KR IS
SPECIFIED AS 1y P IS CHECKED FOR OUT OF SATURATION
ENTRY PCHECKIKU+KR.P)
CHECK=P/PCONVIKU)
CHl= PCH]
CH2= PCh2
CH3= PCH3
KODE=0
De 2 J=1.9
FMI(J)=FN2LJ)
G0 10 10

CCAVERT DENSITY TO 6/(¢C ANC CHECK
FOR CUT OF RANGE. UNITS ARE SPECIFLED BY Ku.

ENTRY CCHECKIKU.D)
CHECK =D/DCCONVIKU}
CH1=DCh]

CH3=0Ch2

KCCE=O

00 3 JU=1,.9
FUTLLI=FM3LI)

GG TO 20

10 IF(KR<EC.1) GO TO 30
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20 IF(CHECK.LT.CH1) GO TO 40
IF(CHECK.GT «CHI) GO TO 40

25 IF (KNCE<EQel) CHECK=T/TCONVIKU)
RETURN

30 TF(CHECK.LT.CH1) GO TO 40
IF(CHECK<LE.CH2) GO TO 25

40 WRITE(64FMT) CHECKsROUT(IRCUT)
GO 10 25
ENC

S$IBFIC suBl
SUBROUIINE CMUSTID)

C VERSION MARCH 1,1972--
CU“HON /CCNSTSY TAUC +RHOA ¢ RHOB s TAUALE R
COMMON 7QAUX / RBOIF(8)yRADIF{8),ER, EDTADIF(7)

CGHMON /COF/ A(10.D)
CCMMON/QSL/SUMI(T)
RADIF (1)= 1.0
RACIF (2) = D- RHOA
RBDIF (1) = }.0
RBCIF (2) = D- RHOB
(0]4] 1 I= 3,8

RBCIF (1) = RBOIF (i-1)% RBDIF(2)
1 RACIF (I)= RADIF (1-1) *RADIF(2)

ED = E*D
ER= 1.0/ EXPIED)
SUMI(1)=0.0
DG 4 I=).8
4 SUMI(LDI=SUMICL)I+A(L,1)SRADIF(I)

SUMI(L1)aSUNI(1)+ER®(A(S.1)+A(10,1)%D)

DC 6 J4=2,7
SUMI(J4)=0.0
0C 5 I=}],8
5 SUMI(Jd=SUMI(JID+A(T,JI*RBDIF(I)

SUNMI(IDI=SUMT(JIICER®(A(SJI+A(L0.,4)%D)

6 CONTINUE
RETURN
ENTRY OMUST2({TAW)
TACIF (1) = 0.0
TACIF (2) = 1.0
TAOIF (3) = TAL-TAUA
DO 2 I= 4,7

2 TADIF (1)= TADIF(I-1)* TADIF(3)

RETURN
END

VNN SrWN -~
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$IAFTIC SuB2
FUNCTION QCALCLITAL)

C

C - VERSION MARCH 1.1972
C=—-= THE FUNCTION Q(RHO.TAW)

C

COHHON/CHECKSIDCHIQDCHZOPCHltPCHZ'PCH3oICHI'YCHZuTCH3.DSTnTS‘I
AHSCH1. hSCH2
COMMCN /70AUX/ RBDIF(8)s RADIF(8)ERIED, TADIF(T])
COMMON (COF /7 AL10,T)
CCHMMON/ZCSLI/ZSUMTL(T)
TSUM = 0.0
D0 & J=2,1
4 TSUR=TSUM+TADIF (J)*SUMILJ)
QCALC=SUMI(1)+(TAU=-TCH2)*TSUM
RETURN
EMNC

$IBFTC SuLB3
FUNCTICN QOTA(TAU)
c VERSION MARCH 1,1972

C
C-== FARTIAL DER OF Q === PQ/PRHC
CONMON /0AUXZ RBDIF(8)RADIF(3)+EREDTADIF(T)
COMMON /COF/ AL10.7)
COMMON /CONSTS/ TAUC +RHOAWRHOB.TAUALER
COMMON/ZXMINUS/XML(7)
COKMON/QS2/SUNLELT)
EQUIVALENCE (SUMI(1).SUMN)
1 TSUM=0.0

D0 2 J=2,7

2 TSUM=TSUMATADIF (J)ISSUNILJY)
QDTA=SUM+( TAU-TAUC)I*TSUM
RE TURN
ENTRY QCTIC,TAU)
Sumk=Q.0
DC 10 I=2,.,8

10 SUM=SUMSXMI([=1)%A(I, )*RACIF(I~-1)
SUNM=SUMAERSIA(LODI~E*(A(9,1)+A(10,1)%D))
0C 15 J=2,7
SUMI(JI=0.0
0C 12 I=2,8

12 SUMI(JIaSUMT(JD)eXMLI(I-1)%A(1+J)*%RBDIFLI-1)
SUMI(JI=SUNTIJIIHER*(A( 10+ J)-E*(A(9,4)+A(10,J4)%D))

15 COANTINUE
GO TO 1
ENC
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$IBFTC SuLB4

C
€

FUNCTION OTRI(TAU)

-—— VERSION MARCH 1,1972~--

(=== PARYIAL DER OF Q === PO/PTAU

18

CONMMON lOAUX/RBDlF(&)oRADlF(B).ER-ED.TADIF(T)
COMMON /COF/ AL10,7)

COmmMan ICCNSTSITAUC.RHOA.RHGB:YQUAcEcR
COMMON/QS1/SUMI(T)

COMMON/XMINUS/XML(T)

TSUM1 = 0.0

TSUMZ = 0.0

0C 18 J=3,7
TSle:lSUMlOXNl(J-Z)*TADIF(J-ID*SUMI(J)
TSUH?:ISUNZOTADIF(JI‘SUHI(J)
TSUM2=TSUM2+SUMI(2)

QTD=T SUM2+ (TAU-TAUC)I*TSUM]

RETURN

ENC

VONOVIWN -

S$IBFTC Sues
FUNCTION C2120(TAU)

c ==VERSION MARCH 1,1972=—- ————
c
C-—-PARTIAL CER OF Q —- P20/PTAU2

COMMON /QAUX/ RBOIF(82oRADIF(B)ERIED,TADIF(T)
COMMON /COF / A(10.,7)

CCMMON /CONSTS/ TAUC+RHOAsRHOB + TAUALE LR
COFMON/CSE/SUMI(T)

COMMON/XMINUS/ XML ()

TSUM] = 0.0

TSUM2 = 0.0

ot 2 J=3,7
TSbﬂl=lSUHIOXHI(J-2)‘TADIF(J—1)‘SUMI(J)

IF (J.EC.3) GO TO 2

TSUM2=TSUM24XM1I(J=-2)% XNL{J=3)*TADIF(J~2)%SUNI (J)
COGNTINUE

02T2C=22.0#TSUMLI+( TAU-TAUC ) *TSUM2

RETURN

ENC

CONECVMSEWN -
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$IBFIC SUBS
FUNCTION Q2DTA(TAWL)
C
C - VERSION MARCH 1,1972
C~-- PARTIAL DER OF Q -=~ P20Q/PRHO-PTAU
COMMON /QAUX/ RBDIFIB)IRADIF(8)EREDTADIF(T)
CCMMON /COF/ ALLO.T)
COMMON /CONSTS/ TAUC +RPOARHCBTAUASE R
COMMCN/QS3/SUMI 6)
COMMON/XMINUS/ZXNLLT)
1 TSUM1=0.0
TSUM2=0.0
00 10 J=3,7
TSUMI=TSUMI¢XM1(J=2)*TADIF(J-1)*SUN{JI-1)
10 TSUNM2=TSUN2+TADIF(J)*SUM(J-1)
TSUM2=TSUMZ+SUN(L)
TSUM1aTSUMIS(TAU-TAUC)
Q2CTA=TSUMI+TSUM2
RETURN
ENTRY Q20T{(D.TAU)
DO 20 Js2.7
SUKlJ=1)=0.
00 15 I=2.8
15 SUN(J=1)=SUNIS=1)¢XML{I-1)BALTJI*RBDIF(I-1)
SUM(J=1)2SUM(J=1D+ER*(ALL0.J)-E*(A(9,J)¢A(10,J)
20 COMTINUE
GC 10 1
END

SIBFIC sus?
FUMCTION 0202TA(TAW)
C

C VERSION MARCH 1+1972~-—=——ee-rercsccces

C—-— PARTIAL DER OF Q —-=- P20Q/PRHO2

COMMON /0AUX/ RBDIF(8).RADIF(B8)+ER.ED,TADIF(LT)
COGNMON /COF/ ALL0LT)
COMMON /CCASTS/ TALC, RHOA. RHOB. TAUA. E, R
COMMON/QS&4/SUMILT)
COMMON/XMIMUS/XELET)

1 TSUM=0.0
DO S5 J=2.1

5 TSUMaTSUM+TADIF (JI*SUMI(J)
Q2C2TA=SUMI(1) «(TAU-TAUC)I*TSUM
RETURN
ENTRY 0202T(D.TAUD
SUMI(1)=0.0
NO 3 [=3.8

3 SUNMTCL)SSUMECLI+XMACI=1)eXML(I[-2)%A(1,1)*RADIF

———— ——— - - —————

*0))

[~-2)

SUMI(L)=SUMI(1)+ERS(-E*A{10+1)%(2.0-ED)+E*E*A(F, 1))

OC 10 J=2.1

SuMitJI=0.0

D0 8 I=3.8
8 SUMI(JI=SUMT(IDeXMLI(TI=1)*XMAILI-2)%A(],J)*RBOIFI

SUNI(JDI=SUMI(JDI+ER®(-E* A(10,J)%(2.0-ED)+E*E*AL
10 CONTINUE

GC 10 1

END
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$IBFTC SUBS
SUBROUTINE PSSS(PSS)

CCHPUTE SATURATION PRESSURE PSSS IN BARS AS A FUNCTION OF T IN DEGREES
C AND RETURN ANSWER IN PSS IN MN/M#x2

AOOOO

COMMON/COSAT/ CPS1 1CPS2,CPS3,CPS4,CPS5,CPSH,CPST
C--= THE T IN THE COMMON BEND17 IS REALLY TAU

COMMON/TPARAM/T

DIMENSICN CTIPS(6)

DATA CTYIPS / .31602383E-03 , 1.00044775, -0.4648777T1E-0S,

1 0.69431852E-08, 0.1%621197E-12 , 1.00043357 /

TSC = 1000./7 -273.1%
C---CONVERT TSC(THERMODYNAMIC CELSIUS TO INT.PRACTICAL SCALE (C) WHICH
Ce==~=IS USED IN SATURATION EQUATION

IF (TSC .GE., 9.996) 60 YO 9

TS = CTIPS(6) » TSC

GC 10 10

g TS = (L(CTIPS(5)8TSC+CTIPS(4))8TSC + CTIPS(3))*TSC +CTIPS(2))
1 *TSC + CTIPS(1)
10 7S=TS+273,15

PSS=10.#*(((((CPSTSTS4CPS6)3TS+CPSS)STS+CPSA)STSeCPSI)*TS+CPS2/TS+

1CPS1)

PSS=PSS/10.0

RETURN

END
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$18FTC SUES

anOoOn

FUNCTION TSS(PS)

TERSION MARCH 1,1972 ——

COMPUTE SATURATION TEMPERATURE IN DEG C AS A FUNCTION OF PRESSURE
IN BARS AND RETURN ANSWER TSS AS TAU IN KELVIN®®*-1

COMMON/CHECKS/DCH1(1),0CH2,{?CHL1 oPCH2,PCH3 4 TCHL ¢ TCH2,TCH3 40STTST4H
1SCH1 4HSCH2

COMMON/COSAT/ CPS1 +CPS2,CPS3,.CPS4,CPS3,CPS6,CPST
COMMON/BEND9/AL ¢ A2,A3,A44AS

DIMENSICN CTT{é6)

DATA CTT /=.30T733645€-03, 0.99955209,0.46490458E~-05,-.69336443E-08
1o-0.18086305E~12 , .99956709 /

EXTERNAL TSSF,DTSSF

PS12PS$»10.0

" A1=CPS1-ALOG1O(PS])

A235,.3CPST

A3=4 ,2CPS6

A4=3,8CPSS

AS532,%CPS4

TESTM =(1000./TCH2 ~20.0 )
TSS=SOLVE(TESTM,TSSF,CTSSF)
T§S=755-273.15

C-~-CONVERT THE CALCULATED SATURATION TEMP, FROM INT. PRACTCAL SCALE
Ce====={C) TO THERMODYNAMIC CELSIUS SCALE

TSIP=TSS

IF (7SS .G6T. 10.) 60 10 9
7SS = CTT({6)* TSS

60 T0 10

9 TSS = (L(CTT(5)8TSS ¢ CTT(4))*TSS + CTT(I))*TSS + CTT(2))*TSS +

1 CTI7(1)

10 TSS = 1000./1(755+273.15)

RETURN
END

$IBFIC SLBIO

(2 RN TaXal

N aNal]
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FUMCTION TSSF(TSS)
- VERSION MARCH 1¢1972--- i

FUNCTICN USEO TO SOLVE FOR SATURATICN TEMPERATURE TSS
GIVEN PRESSURE

COrMON/COSAT/ CPSI sCPS2.CPS3.CPS4sCPS5.CP56.LPST
COMMON/BENDS/ALoA20A30A%4AS
TSSFa{(((CPSTHRTISSHCPSOISTSSCPSSISTSS+LPSI*1SS+CPSIISTSS+CPS2/
1TSs+p

RETURN

ENTRY DISSFLTSS)

DERIVATIVE OF FUNCTION ULSED TO SOLVE FOR SATURATION
TEMPERATURE 1SS GIVEN PRESSURE

TSSFa(((A28TSS+ANIRTSS+ALISTSS+AS)ISTSS+CPSI-CPS2/ (TSS*TSS)
RETURN
ENC
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$IBFTC PRESI
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10

20
30

5¢C

60
70

8C

90

SUBRCUTINE PRESS(KUeT+DyP KR)
VERSION MARCH 141972-=ecmce e oo

COMPUTE PRESSURE P GIVEN TEMPERATURE T AND CENSITY D.
UNITS ARE SPECIFIED BY KU. IF KR IS RETURNED OR
SPECIFIED AS 1. P IS CCMPUTED AT SATURATICN AS A
FUNCTION OF T ONLY.

COMMON /CONVI/PCONV(S)

COMMON/TPARAM/TS

COMMON /CCNSTS/ TAUC,RHOALRHGB+TAUALE <R
COMNONICHECKSIDCHIoDCHZoPCHl-PCHZoPCHB.TCchTCHZ.TCH3.DST.TST.
1HSCH1.FSCH2

CCMRGN/ LERRCOR / 1ROUT

[RCUTa2

VSaTCHECKIKUKR,T)

OETERMINE REGION

{F (KR-1) 10,70,10
OS=DCHECK {KU.D)

IF ( KR «GT+. 1) GO TO 80
IF (TS-TCH2) 50.50+20
CALL nENSll.IS.ZE-lE-OSLoDSV-l)
IF (DS=-DSL) 30,60.40

IF (0S-DSV) 50,6C.60
KR=2

GO Y0 80

KR=13

60 TQ 80

REGION 1

KR=1
CALL PSSS(PS)
GO T0 90

REGIONS 2 AND 3

CALL OmLST(CS)

CALL OKuUST2(TS)
PS’IOOO.‘R‘DS/TS*(loODS‘(OCALC(TS)ODS‘QDT(DS.TS)))
P=PS$PLONVIKU)

RETURN

ENC
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$IBFIC CENS]
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SUBROUTINE DENS(KUsT oP+0¢DLsDVoKR)
~==VERSION MARCH 141972-~—~—=emmocmmaanaox

CCMPUTE DENSITY D GIVEN TEMPERATURE T AND PRESSURE Pe
UNITS ARE SPECIFIED BY KUe [IF KR IS RETURNED OR
SPECIFIED AS Lo THE SATURATED LIQUID AND VAPOR DENSITIES.,
DL AND DV RESPECTIVELY. ARE COMPUTED AS A FUNCTION

OF T OR P. THE GTHER VALUE MUST BE INPUT AS 00

COMMON /CHECK1/NI
COMMON /CONV1/DCONVLS)
COMMON/CONV2/TCGNV(S)
CCMMOCN/CCNV3 /PCONVIS)
CCMMON/ IERROR/ IROUT
COMMNON /CRIT/ RHOCRT PCRT,TCRT
COMMON/ PSICON/ SICLeSIC2+SIC345IC4,SICS
COMMON /CONSTS/ TAUCRHOAKHCB«TAUAGE R
CDM“ONICHECKSIDCHloDCHZ.PCHl'PCHZ.PCH3.TCHI.TCHZ.TCH3.DST.TST-
1HSCH) + kSCH2
CCMMON/TPARAMN/TS
COMMON /PRHOT/PS.DSTT
EXTERNAL OSF,DDSF
[IROUT=1
IF (KReEQel1l) GO T0O 70
TSsTCHECK(KUsKRT)
TT = T8
CALL QOMUST2(TS)
GO Y0 5

70 1IF (T<61.00) 60 T0 15
PS=PCHECK( KU+ KR P )
TS=TSS(PS)

TT = 1S

IF (ToLEeOed TaTS STCONVIKL)
CALL OMUST2LTS)
GO 70 S

I5 TS = TCHECK (KU+KR.T)
TV = TS
CALL OMLST2(TS)
CALL PSSS(PS)
IF (PelLE<Oe) P=PS *PCONVIKL)

OETERMINE REGION

§ IF (KR-1) 10.,80.,10
10 PS=PCHECK(KU+KR+P)
IF (PS-PCHZ)110+110.100
100 IF (TS-TCH2)130,+130,120
120 KR=2
EST1 = 1.0455
EST2 = RKOCRT
TEST = 1000./TS = 27315
iF ( TEST .GT. 100.) ESTL = 1.0107054
(F ( TEST «.GT. 180.0) GO TO 121
IF (TESTeLTo40.) TEST=40.
ESTZ=(IEST#(TESTt(IEST#(TEST*.12476711E—09--52277795E-O7)
I +254290571E-05)-+696173256-03)+1.0220277 )
121 CALL RCOT (EST1¢EST2.04+CSF.0S)
GC YO 150
130 KR=3
EST=RANCRT#3,

54
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41
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80

81

90
150

CALL ROOTIEST+DCHLl¢0e+LSFLLS)

GO TO 150

IF (TS=TCHZ) 50.50.,20

CALL PSSS(PSS)

IF (ABSU(PSS~PS)/PSS)~1.E~4) 6(+30,30
IF (PS~PSS) 50,60.40

Ki=2

0S=.71854566

IF { TS «6T. 1.7447439) DS = .822368
LFUTS «GTe 1.9487479) DS = 6474576
IF ( TS «GTe 2.0277805) DS = 907441
IF ( TS .6T. 2.3C86690) DS=.961538

IF TS «6T. 2.6798874) DS = 1.001001
IF { XR <EQ. 1) GO TO 81

GO T0 90

KR=3

0S = PSHTS/(1000.%R)

60 T0 S0

REGICN )

KR=}

CONTINUE

GO TO 41

CONTINUE

DSL=SOLVE(DS,DSF.DDSF)

DS = PS*TS/(1000.%R)

IF (TCH2/71S.6Te+985)D5S2.65%RNOCRT
IF (TCH2/7S46T«+995) DS=e15¢RHOCRT
IF (TCH2/18.6T+4999) DS=e 85%RHCCRT
IF (TCH2/TS<6T<<9995) DS=.908RHOCRT
OSv=SOLVE(DS+DSF,DDSF)
DL=DSLSCCONVIKU)

DV=DSVSOCONVIKU)

RETURN

REGIONS 2 AND 3

DS=sSOLVELDS,DSF.DDSF)
D=0 S*DCGNV(KU)

RETURN

ENC
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sIBFTC DSFI
FUNCTLON DSF(D )

C
C FUNCYION USED TO SOLVE FOR DENSITY D GIVEN TEMPERATURE
[ AND PRESSURE
¢
COMMON /CONSTS/ TAUC +RNOARHOB+TAUAGE R
COMMON /PRHCT/ PS+0S.TS
CALL OMLSTLOD
PSTATE=1000.#R*D /1S 1e+D S(QCALCLITS)+D SQDT(D TSHM)
OSF=PSTAYE~PS
RETUAN
C

ENTRY CLSFIC )

CALL OMUSTIDD
DDSF-IOOO-‘RITS‘(1000‘IZoOOOCALC|TSl*hoO‘D‘ODT(D-TSD*O‘D‘QZDZT(D.
11$)))

DSFsDDSF

RETURN

END

56
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$IBFTC TEMP]

(2N e NaNeNaNalg!
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COMPUTE TAU=1000./TEMPERAT
SITY. IF KR IS SPECIFIED

10
20

30
40

50

60
70

80

90
100
110

SUBROUTINE TEMP(KU,P,D,T,KR)

COMMON /CONV2/TCONV(S)

COHHON/CHECKS/DCHI.DCHZ-PCHI'PCHZ'PCH39TCHI.TCHZ.TCH3.DST.TST.
1HSCH1,HSCH2

COMMON/IERROR/ IRQUT
COMMON /PRHOTT/ PS,DS,TS
EXTERNAL TSF,DTSF
IROUT=3

PS=PCHECK (KU4KR,P)

DETERMINE REGION

IF (XR-1) 10,70,10
DS=DCHECK(KU,D}

IF (PS-PCH2) 20,20,50
TS=TSS(PS)

CALL DENS‘I9TS'lEletD$LvDSV'l)
IF (DS-DSL) 30,60,40
IF (DS-DSV) 50,60,60
KR=2

TS = TS+,.01

GO TO 80

KR=3

TS'loz

GO T0 80

REGICN 1

KR=]1

GO T0 110
TS=TSS(PS)
GO0 TCO 110

REGIONS 2 AND 3

CALL QMUST(DS)

CALL QDT(DS,TS)

CALL Q20T(DS,TS)
TS=SOLVE(TS,TSF,0TSF)

VERIFY REGION

IF (PS-PCH2)110,110,90
IF (TS-TCH2) 110,100,100
KR=2

T=TS*TCONV(KU)

RETURN

END

VERSION MARCH 141972====ccecmeaeeeo—_.

URE IN USERS UNITS GIVEN PRESSURE AND DEN-
AS 1 TAU WILL BE A FUNCTION OF PRESSURE ONLY

VO®~NNOWVLWN
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SIBFYC TSF1
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FUNCTION TSFLTS)
-— VERSION MARCH 14,1972 ———

FUNCTION USED TO SOLVE FCR TEMPERATURE TS GIVEN PRESSURE
AND DENSITY

CCMMON /PRHOTT/ PSeD T

COMMON /CGNSTS/ TAUC +RHOAJRHCB o TAUASE R

CALL OMLST2(TS)

PSTATE=1000.#R*0 /TS*{1.+0 *(QCALC(TS)+D *QDTALTS)))
TSFaPSTATE-PS

RETURN

ENTRY OTSF( TS )
CALL OMLSTZ(TS )
DISF=R#*0%( ( 1.0+D0*D*QDTA (TS ) +D*QCALC(TS 22 -TS *D*(D*Q20TAITS

1+0T70(TS )

DISF=DTISF*(-1000./7{1S *TS ))
TSF=0TSF

RETURN

END

$SIBFTC ENTH1

OO0
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SUBROUTINE ENTH(KU,TT,00H)
- VERSION MARCH 1,1972-

THIS ROUTINE COMPUTES ENTHALPY GIVEN THE TEMPERATURE PARAMETER TT
AND THE DENSITY D. I/0 UNITS ARE SPECIFIED BY KU.

IF SATURATION VALUES ARE NEEDED, THIS ROUTINE MUST BE CALLED TWICE

WITH DL AND DV INPUT AS D.
ENTHALPY IS RETURNED IN H.

COMMON/ IERROR/ IROUT
COMMON/CCNV6E/HCONV(S)
COMMON/SICOF / PSI1,PS12,PS13,PSI4,PSI5
COMMON /CONSTS/ TAUC y RHOA,RHOB, TAUALE 4R
IRCUT=4
TSsTCHECK (KU, KRy TT)
0S=DCHECK (KU,D)
CALL QMUSTI(DS)
CALL QMUST2(TS)
T=1000./7S
PS1Q= (PSIS‘T#PSIZ"T*PS[l*(PSI4*PSIS*T)'ALOG(T)
PSIT=2,#PSI3%T +PSI24PSIA/T +PSIS*(1.+ALOG(T )}
Hl= PSIO-TSPSIT
H211000.#RITS‘(l.*DS*(QCALC(TS)+TS‘QTD(TSl*DS‘QDT(DS.TS)))
H= (H1+H2) *HCONV(KU)
RETURN
END

OE~NOCVHWN-
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$IBFTC ENT1
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SUBROUTINE ENTI(KU,TT,D,$)
- VERSION MARCH 1,1972 -

THIS ROUTINE COMPUTES ENTROPY GIVEN THE TEMPERATURE PARAMETER TT
AND THE DENSITY D, 1/0 UNITS ARE SPECIFIED BY KU.

IF SATURATION VALUES ARE NEEODED,THIS ROUTINE MUST BE CALLED TWICE

WITH DL AND OV INPUT AS D.
ENTROPY IS RETURNED IN S.

COMMON/SICOF / PSI1yPSI2,PSI3,PS14,PSIS

CCMMON /CONSTS/ TAUC,RHOA,RHOB,TAUA,E ,R
COMMCN/ IERROR/ IROUT

COMMON/CCNVA/SCONV(S)

IROUT=S

TS=TCHECK (KU KR TT)

DS=DCHECK (KU, D)

CALL QMUST(DS)

CALL QMUST2(TS)

T=1000./1S

PSIT=2,2PSI30T 4PSI2+PSI4/T +PSIS*(1.+ALOG(T ))
SSS=~R$(ALOG(DS)+DS*(QCALC(TS)-TS*QTD(TS)))=-PSIT
S=5SS*SCCNV(IKU)

RETURN

END

VONOVNSWN -
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SUBROUTINE TEMPPH(KUP,H,T50,0L,DV,KR)

-VERSION MARCH 1,1972---
COMHON /CONV1/DCONV(5)

COMMON /CONV2/TCGONV(5)

COMMON/CCNVG/HCONY(5)

COMMON/PHCALL/PS,HS »SS
CDNFDNICHECKS/DCHI.DCHZ.PCHl,PCHZ.PCH3 TCH1,TCH2,TCH3,DST,TST,
1HSCH1,HSCH2

CCMMON/IERROR/ IROUT

EXTERNAL TSHF

PS=PCHECK (KU KR, P)

IROUT=6

HS=+ /HCONV (KU)

IF (HS=-HSCH1) 20,10,10

IF (HS-HSCH2) 40,40,20

INPUT H - OUT OF RANGE TAG
WRITE(64301) HS,HSCH1,HSCH2
FORMAT (1OHOINPUT H = ,Gl4.é, 29HJ/G IS OUT OF RANGE OF HMIN=
1 ¢F4.1, 10HAND HMAX = ,F7.1l, 3HJI/G )

IF (PS-PCH2) 140,140,120
TS1=TCH1

TS2=TCH3

G0 1O 110

15=0.0

CALL DENS(1,TS,PS,ZEsCL+CV,1)
IF (KR-1) 50,70,530

CALL ENTH(1,TS,DLHSL)
CALL ENTH{1,7TS,0V,H5V])
1F (HS~HSL) 90,70,60

IF (HS-HSV) T70,70,100

REGICN 1

KR=1

CALL DENS(1,TS,2E,ZE,DOSL,DSV,1)
DL=DSL*DCONV (KU)
DV=0SV#*0OCONVIKU)

G0 710 120

REGICN 2

KR=2

TS1=TCH3

PS=pS*1.00011
152=1000./7(1000./T5-1.E~5)
GO 10 110

REGICN 3

KR=3
TS1s1000.741000./75+1.E-5)
PS= PS5#*,99988

TS2=TCHL

VDN S WN -
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REGICNS 2 AND 3

CALL ROOTX(TS14TS2,HS,TSHF,TS)
CALL DENS(1,TS,PSyDSy2E,ZE,KR)
D=DS*QCCNVIKU)

VERIFY REGION

IF (PS-PCH2) 120,120,150
IF ( TS-TCH2) 170,170,160
KR=2

GC T0 120

XR=3

T=TS*TCCNV(KU)

RETURN

END
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SUBROUTINE TEMPPS (KUysPySyT4D,DL,DVeXR )
------------------------- VERSION MARCH 1,1972~~-~~==—-=r-ssssoso=-

COMMON /CONVL1/CCONV(5)

COMMON/CCNV4/ SCONVIS)

CCMMON /CONV2/TCONVI(S5)

CCMMON/PHCALL/PS4HS oSS
COFPONICHECKS/DCHI.DCHZ'PCHl.PCHZ.PCHS,TCHI.TCHZ.TCH3.DST;TST'
1HSCH1,HSCH2

CCMMON/IERROR/ IRCGUT

EXTERNAL TPSF

IROUT=Y

SMAX=13,.26

PS=PCHECK (KUs KRy P)

8S = S/SCCNV(KU)

1F (SS «.LT. 0.0) GO TC 20

IF { SS.LE.SMAX) GO TQ 40

INPUT S - OUT OF RANGE TAG

WRITE(6,301) SS,SMAX

FORMAT (10HOINPUT S = ,G14.6, 4THJI/G-K IS OUT OF RANGE OF SMIN=0.
10 AND SMAX= eFTely5+J/G-K)

IF (PS-PCH2) 140,140,130
TS1=TCH1

TS2=TCH3

GO T0 110

1$=0.0

CALL DENS(1,TS,PS,ZE,CL,0V,1)}
IF (KR-1) 50,70,50

CALL ENT(1,TS,DL,SSL)

CALL ENT(1,TS,DV,S55V)

IF ( $SS-SSL ) 90,70,60

IF ( S$-SSV) 70,70,100

REGICN 1

KR=1

CALL DENS(1,TS,ZE,ZE+CSL,0SV,1)
DL=DSL*DCONV (KU)
DV=DSV*0DCONV (KU)

GC 10 120

REGICN 2

KR=2

TS1=TCH3
PS=pPS#*1,00011
TS2=TS%1.00001
G0 T0 110

REGICN 3

KR=3
TS1=T75%,99999
PS= PS*,59988
TS2=TCHI1

-
—0O 0@ NS WA -

et pd ot ot Pt Pt
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REGICNS 2 AND 3

CALL ROOTX ( TS1,¥S2,SS,TPSF,TS )

CALL DENS(14TS,PS,0SZEyZE,KR)
D=DS*DCCNVIKU)

VERIFY REGION

IF (PS-PCH2) 120,120,150
IF { TS~TCH2) 170,170,160
KR=2

GO T0 120

KR=3

T=TS*TCCNV(KU)

RETURN

END

$IBFTC TSKHF)

c

FUNCTICN TSHF(TS)

COMBON/PHCALL/PS+HS oS8

KR=(Q

CALL DENSUL1+TSePS+DSeZELZEKR)
CALL ENTH(1+TS+DS+KSC)
TSHF=HSC

RETURN

ENTRY TPSF( TS )

KR = (

CALL DENS ( 1+4T1S,PS.0S,2E L2E
CALL FNT(1,7S4DS+SSC)H

TPSF = SSC

TSHF=TPSF

RETURN

ENC

» KR

VERSION MARCH 1,1972

VOOV IrWN -~
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SUBRCUTINE CPPRLIKU+T DsCP+CV.GAMMA,LC)
- VERSION MARCH 1.1972

!

THIS SUBROUTINE RETURNS THE FOLLOWING TO WASP 1IN USERS UNITS.
SPECIFIC HEAT AT CONSTANT PRESSURE =CP
SPECIFIC HEAT AT CONSTANT VOLUME =CV
SPECIFIC HEAT RATIO =GAMMA
SONIC VELOCITY =

THE PARTIALS PTV AND PDY EXPLAINED BELOW ARE RETURNED IN COMMON.

COMMON/COC PO/ coci.coc2.c0cC3
COMMON/SICOF/ C1eC24C3+4C4+CS

COMMON /PARTLS/ PTV,PDT

COMMON /CONSTS/ TAUC +RHOARHOB . TAUALE R
COMMON/CONV4/SCONV(S)
COMMCN/CONVS/CCONVLS)

COMMON/ [ERROR / IROUY

IRCUT=8

TS=TCHECK(KUesKRT)

TT=1000./7S

0S= OCHECK(KU+D)

CALL QMUSTIDS)

CALL OMUST2{TS)

CQ272D=Q2720(TS)

COCALC=0CALCITS)

CQLT=QDT(DS.TS)

CLATC=QTD(TS)

CQ207T=Q20T(DS.TS)

CQ2027=Q2C2T(DS.TSY

cv = =Z8CISTT+CH/TT-C S5~ R*DS*TS*TS*C Q2720

C——=-— PTV IS PARTIAL OF P BY T (NOT TAW
C==- FOT IS PARTIAL OF P BY RHO

64

PTv=R2DS® (1. +DS*{COCALC+DS*COOT-TS*(CQTD+DS*CQ2DT)))
POTaRSTTS( 1o +DS*(2.5COCALC+DS*(4.*%CODT+DS*CQ202T )
DhOT=a~2.8C38TT+C4/TT=C54R$(1.+0S*(COCALC+DS*COOT-TS*(DS#CQ2DT+
1CQTO+TS*CA2T20)01))

DHOD=R* (TTHCOCALC+1000.%CQOTD+DS*(TT#(3.*CO0T+DS*CQ202T)+1000.*
1€020T»)

cp = DROT-DHOC*(PTV/PDT)

GAMMA=CP/CN

CPaCP*SCONVIKU)

CV=CVESCONVIKU)

GAMMAP=GANMNS & 10.* POT

CS=(0.0

IF ( GAMMAPGTe 0e0) CS=1000+%SQRT (GAMMAP)

C= CS#CCCAVIKU)

RFTURN

END

VW~V PrWN—-
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SUBROUTINE SURF(KU,KR,TINySURFT)

—-—— «-«~VERSION MARCH 1,1972
THIS ROUTINE CALCULATES THE SURFACE TENSION OF LIQUID WATER AND

[aNalaRalal

THE LAPLACE CONSTANT

COMMON/ IERROR/ IROUT
COMMON/CCNV9/STCONV( S)
COMMON /LAPLAC/ ALC
DIMENSION A(S5)
OIMENSION X(5)

DATA (A{1),121,5),8,TK /0.11609368
1E~6, 1.2862746 €-8, ~1.1497193 E-1l, 0.83, 647.30 7/

C-==UNITS OF G - M/S*#2

Ce--T

1

DATA G /7 9.80665 /
IROUT=11

IS DEG K
TAU=TCHECK(KUXR,TIN)
Y = 1000./TAU
SURFT=0,0

ALC=0,0

IF (T.GT.TK) RETURN
X{1l)=s TK-T

X(2)= X{1)=x(1)

X{3)= X(2)*x(1)

X(4)s X(3)8X(1)

X(S)= X(&)eX(1)

Y = (A(1)*X(2))/(1.0+B%*X (1))
00 1 N=2,5

Y = Y¢A(N) * X{(N)
SURFT = ¥

C-~= UNITS OF SURFT MUST BE DVYNE/CM
C-== UNITS OF ALC IS MM,

2

TR= T/7647.30
IF (TR.GT. .998) 60 TQ 2

CALL DENS(KU,TAU,ZE,2E,DL,0Vy1)
ALC = SQRT (SURFT/ (G* ABS (DL-DV)*1000. ) )
C--~CONVERSION FACTOR FOR RESULTS TO BE IN MM AS IN THE TABLES

ALC = ALC & 31,822777
SURFT=SURFT*STCONVIKU)
RETURN

END

v 1.1214047 E-3, -5.7528052

b Pt gt fud gt Pt s et
~NOVPIPUWNSOODNCOWVEIWN -
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FUNCTION DTHERM(XLM)
FUNCTION USED TO SOLVE EQ.(B52) FOR THERMAL CONDUCTIVITY

COMMON/ ITERAT/TR,TO, T1,T2,T73,74,75,76,77,78

DOUBLE PRECISION TOsT1,T2,73,T4,75,76,77,78
TCALC-(XLM*IXLH*(XLH‘(XLN*(XLH‘(XLH*(XLH‘T8+T7)0T6)0T5)+T4)+T3I*
1T2)+T1)*#XLM+TO

OTHERM=TCALC~-TR

RETURN

ENTRY DOTH(XLM)

DERIVATIVE USED TO SOLVE EQ.(B52) IN NEWTON RAPHSON ITERATION

CDTH-(XLH‘(XLH*(XLH*(XLH*(XLM‘(XLH‘B.‘TB*?.‘T?’*b.*Tbl#S.‘TS)*
16.%T4)43,8T3)42,%T2) sXLM+T]

DTHERM=DDTH

RETURN

END

s gt put
N=OOVEO~NOWNSWN™
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SUBROUTINE THERM(XUyKR,PIN,TIN,DIN,EXCESK, TCOND)

e —. VERSION MARCH 1,1972-===memcmacccmaooan
SUBROUTINE CALCULATES THE THERMAL CONDUCTIVITY [N INTERNAL
UNITS OF W/CM-K AND CONVERTS TO USERS UNITS

EQUATICNS ARE THE INTERNATIONALLY AGREED UPON ONES IN REGIONS
WHERE SAME ARE AVAILABLE AND ARE PROPOSED EQUATIONS IN OTHER
REGICNS.

THE NEAR SUBCRITICAL REGION IS THE AUTHORS FIT

COMMON/CCNV8/KCONV(S )

COMMON/ IERROR/ [ROUT
COMMON/ITERAT/TRoTO,T1,T2,T3,T4,T5,T6,T7,78
REAL KCCNV

CCMMON /CRIT/ RHOCRT,PCRT, TCRY
CCMMON/TPARAM/TAU

EXTERNAL DTHERM,0DTH

DIMENSICN CFC(5,2)

DATA CFC/~.57861540y1.45746404,.17006978,.13348045, .32783991E-1,
1-.70859254,.94131399, .64264434E~01,1.85363188,1.98065901/

DOUBLE PRECISION PRDP

DOUBLE PRECISION AS(5),B5(4),C5(4), T1,SUML,SUM2,SUM3

DATA ADyAl4A24A3,A4/-.17384732,.82350372,-1.55213983,~,12626138,

1 2.83922425 /

DATA A5 / -.92247000C0 , 6.728934102 , -10.11230521, 6.996953832,

1 ~2.316062510 / 4 B5 / ~.2095427600, 1.320227345,
2 -2.485904388, 1.517081933 7/ ,
3 C5 / .08104183147, ~.4513858027 ,.8057261332,-,4668315566 /

DOUBLE PRECISION Al10(2),B10(2),C10(3),010(6)4AsB,C,T11,T22,733

DATA A10 / .01012472978, .05141900883 /,810 /663742.6916,

1 1.388806409 / o C1l0 / 338855.7874, 576.8000000, .2060000000 /,

2 010 / .000002100200454, 23.94090099, 3.458000000,13.63235390 ,

3 «01360000000, .C07852600000 /

OOUBLE PRECISION AB8(9),88(9),C8 ,E9(3),T0,T2,T3,T4,75,T6,T7,T8

DATA A8 / 1.365350409, -4.802941449, 23.60292291, -51.44066584,
38.86072609, 33.47617334,-101.0369288, 101,2258396,
~45.69066893 7/ ,

B8 / 1.514476538, -19.58487269, 113.6782784, -327.0035653,
397.3645617, 96.82365169,-703.0682926, 542.9942625,
-85.66878481 / , C8 7/ 1.017179024 /

DATA E9 / 50.60225796 , -105.6677634 , 55.96905687 /

IRQUT=10

PMN=PCHECK (KUyKR,PIN)

TAU=TCHECK (KU, KR, TIN)

0S=DCHECK{KU,DIN)

CONVERT TAU AND PMN TO VARIOQUS UNITS

TK=1000./TAU

TR = TK/TCRT

T = TK-2T73.15

PBAR = PMN%10.

PR=PMN/PCRT

VS WA

C-=-CUT OF RANGE CHECK ON PRESS ANC TEMP.

(o] (aNeNel

IF (PBAR.LT. 1.0 .OR. PBAR.GT.500.) WRITE(6,151) TIN,PIN
IF {(ToLT.0.0.0R,T,GT,700.) WRITE(6,151) TIN,PIN
151 FORMAT (1HO, 5H T =,F12.4,8H OR P =,F12.4, 64HIS OUT OF RANGE,
LRETURNED THERMAL CONDUCTIVITY IS EXTRAPOLATED )

CHECK FOR REGION I

IF (T.LE.350..AND.DS.GT,RHOCRT) GO TO 100

OCONOV L WN
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CHECK FOR JAGGED LOWER BOUNDARY OF REGION IIIOR UPPFF. PART
CF REGION [1

IF (PBAR.GT+450,.AND.T.LT.550.) GO TO 80
IF {PBAR.GT,.350..AND.T.LT.500.) GO TO 80
IF (PBAR.GT,275..AND.T.LT.450.) GO TO 80
IF (PBAR.GT,225,.AND.T.LT.425.) GO TO 80
IF (PBAR.GT.175..AND.T.LT.400.) GO TO 80

EQUATICN (B40) FOR P=1,0 BARS

V1l = (17.6 +.0587%T+,.000104*T2T -4,51E-08*T=T%7)/1000,
IF (PBAR.GT.1.000) GO TO 20

TCOND=V1 *KCONV(KU)

GO0 10 500

EQUATICN (B46) FOR REGION II,
ANS=((103.514,4198¢T-2,TTLE-OS5*T*T)*DS+2,14821E+14/(T*%4,2)%0S*DS

15/1000.+V1

TCONDO=ANS*KCONV(KU)
60 TO 500

REGION I CALCULATIONS

CALL PSSS(PS)

PREDD = (PMN-PS)/PCRT
SUML={((AS(S5)*TR+AS(4))*TR+AS5(3))*TR+AS5(2) )*TR+AS5(1)
SUM2=((B5(4)*TR+B5(3))*TR+85(2))*TR+85(1)
SUMA=((CS(4)*TR+CS(3) )*TR+C5(2) )*TR+C5(1)

TCOKO=(SUNM1 + (SUM32PREDD + SUM2)#PREDD )*KCONV(XU)
GO T0 500

CHECK FOR REGION III-USING BOUNDARY EQUATION (B854) WHICH OIVIDES
REGICNS III AND IV.

THEN SEPARATE HATCHED REGION WHERE NO EQUATION EXISTS FROM REMAINDER

CF REGION 1V
1EQUA=10
IF(T.GT.450.) GO TO 300
PBOUND=EF(1)}+EF(2)*TR+EF(3)*TR*TR
IF (PR.LT.PBOUND} GO TO 300
IF(TK LT, TCRT.AND.DS.LT.RHOCRT) GO TO 400
1EQUA=8

EQUATION (B52) IS SOLVED BY ITERATION

NTR=0

PRCP=PR

CON=PRDP-C8

TO =  A8(1)+ CON#B8(1)

Tl = AB(2)+ CCN#88(2)
12 = AB(3)+ CON#*B8(3)
73 = AB(4)+ CON#®BB(4)
T4 = A8(5)+ CON*BB(5)
T5 = AB(6)+ CON*BB(6)
¥6 = AB(T)+ CON#BB(T7)
771 = Ag(8)+ CON=BB({(8)
T8 = AB(9)+ CON*BB(S)
USE CONDUCTIVITY BASEC ON BOUNDARY AS INITIAL ESTIMATE
PPR = PR

PR=PBOUND

GO TO0 300
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400

500

502
506

510
520
525

PR=PPR
XHI=,55

X={ ANS*3- +XHI=2, V/5.
IF'pR.LEOICOSOAND.TR‘LE. 1.05) X=ANS+,005
TCOND=SOLVE( Xy DTHERM (COTH) *KCONV (KU )

THIS EQUATION DOES NCT ALWAYS CONVERGE NEAR THE BOUNDARY WHERE
IT SHOULD. SWITCH TO AUTHORS EXTRAPQLATION IF THIS HAPPENS,

IF (TCCND.LE.0.0) GO TQO 400
GC 1O 500
DCN=1,00+0
B=(BlO(1) *PR*#1,63) / (CON+B10(2) *PR*%3,26)
C= (C10(1) *PR#%1.5 + Cl0(2)) 7 B - Cl0(3)
csp=C
TEST = DCN-B*D10(1)/TR*%7
T11=(A10(1)%PR+AL0(2) )*TR**] ,445/TEST**CSP
T22= D10(2)#PR*%4 *EXP(~9,.04D10(3)%(TR-1,0))/(DON+D1O( 4)
/PR*%12})
T33= D10(5) - D10(6) *PR *EXP(-D10(3) #* (TR-1.0))
ANS = T11 + T22»T733
IF (IEQUA.EQ.B8) GO YO 210
TCOND=ANS*KCONV(KU)
GG T0 500
HATCHED REGION WHERE NO EQUATION EXISTS IN THE REFERENCES.
AUTHORS OWN EQ USED HERE WITH 1 BAR EQ.
V1 = (1746 +.0587#T+.000104*T*T -4 ,51E-08%*T*T*T)/1000.
XX= ALOG1O(DS/RHOCRT)
KJ=1
IF {(XXoGTa=439794) KJ=2
Y=CFCULyKJI)+ (((CFCUS yKIIIXX+CFC(4,KJI))EXX4CFC(3,KJI) ) ®XX

1 +CFC(2,KJ))*xX

TCOND=(10.**Y+V1 )} #KCONVIKU)
CCNTINUE

REACTING CCNOUCTIVITY IN THE NEAR CRITICAL REGION BY SENGERS

DRHCOC = ABS ( DS - RHOCRT ) / RHOCRT
DELAMB=0,

IF{ DRHOC.GT. .6) GO TO 520

DELTC = ABS (TR-1.)

RAT= DS/RHCCRT

IF (DRHOC.LT.1.E-4) GC TO 510

IF (DELTC.LT.1.E-7) GO TO 502

XBETA = DELTC*»%,35/DRFOC

IF (XBETA.GT..4) GO TO 506

DELAMB= 11,6E-5 / (SQRT(RAT)$DRHOC**1,71)
GC T0 520

IF (XBETA.GT.3.,) GO TC 510

X8= ALOG1O(XBETA)

ARAT= (({A4*XB+A3)*XB+A2)%XB+A] )*XB+A0
DELAMB=11,6E-5/(SQRT (RAT)#DELTC*%,6)%10.*%ARAT
GC TO 520

IF (DELTC.LT.1.E-7) GO TQ 525

DELAMB = 11.6E-5/(SQRT(RAT)SDELTC*%*,6)
EXCESK= DELAMB

RETURN

EXCESK =1.E30

RETURN

END

155
156
157
158
159
160
161
162
163
l64
165
166
167
168
169
170
171
172
173
174

176
177
178
179
180
181
182
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SUBRCUTINE VISCUKUGKRTINGPINGCINeSVISC)
---------------------- VERSION MARCH 1,197 2===memmomeccmae e

CALCULATE ThE VISLOSITY GIVEN TAUGPAND D IN USER=S UNITS KU
ANSwER RETURNED IN USER-UNITS IN SVISC.

COMPON/ TERRLR/LROLT

COMMON/CRIT/ RHCCRT,PCRT,TCRT

CGCMMON /TPARAM/ TIN

CCMMON/CCNVT/MCONVIS)

REAL MCUMV

DIBENSIUN A(5),€(03).C(3)4D(31,COF(5.2)

OATA (A(I)+1=1e5) /241+400C+10438232095+0.21628302+ 01498694,

0es47118801 / v
(BUI)eI=1+3) /263+445114044219836,850.4000 / ’

(ClTdel=143) / 586411987, 1204475394, 0.42196836 [/,
(DCHYel=2203) 7/ 11135647, 671+320801+3.2051470 /

CATA COF/=6045565814103949436,430259083, 10960682, 15230031E~01,

1-6 4608381 ,1.61633210¢1C7C972054-13.9386+30.119832 7/

IROULT=9

IS DEG Ke T IS DEG Cv TR 1S REDUCED TEMP
TK=1000/TCHECK{KUIsKRs TIN)D
T = TK=- 273.15
TR=TK/TCRT
IS OAKS, PHMN IS MEGA NEWTCNS/M*M PR IS REDUGCED PRESSURE
PMN=PCHECK (KUJ+KR 4PIN)
P 3 10.0%PMN
PR=FMN/PCRT
DC IS G/CC+ SPVR [S REDUCED SPECIFIC VCLUME.
OD=DCHECK (KU.DIN}
SPVR= RHOCRT/DD

CHECK FOR CUT OF RANGE ON P AND 7

101

IF ( P olTe «99 «0Re P «GTe 800.01) WRITE(6,101) T,P
IF { T «GTe 80060 ¢0ORe T olTe 00 ) WRITE(6,101) TeP
FORMAT(1H .48H OUT OF RANGE« ANSWER IS EXTRAPOLATED FOR T=

1eFl2e4e 4H P= 4Fl244)

IF (C0.GT.RHOCRT«ANDT«LT.300.) GO TO 100
GG 76 110

REGION I

C——-FGR TEMP-- 0 TO 300 CENT AND PRES--PSAT TO 800 BAR

C

i Xa)

~ o

10¢

110

70

X1 = 100 *$(A(2)/(TR=A(3)) )

CALL PSSS(PSS)

PSR=PSS/PCRT

X2 = 10 ¢+ [ PR=PSRI*A(H)*(TR-A(5) )
SVISC = (A()) *X]1 #XZ2 )/10.0%%6 SMCONV(KU)
HETURN

CALCULATE VISCOSITY FOR 140 BAR NEEDED FOR REGIONS II,51I,1V

VISCI=(R())*(TR-B(2))+8(3))
If (P.LE.1.0) GO TO 1000

CHECK FCR TEMPERATURE RANGE WHERE NO CURVE EXISTS
{F (T«GEe300+.AND.TolTo37415) GO TO 400

IF (DDelTeRHFOCRT.ANDTLT«300+) GO TO 200
GC 10 300

VRN LS WN -
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REGION |1
FOR PRES== 1 TQO PSAT BAR AND 100 TO 300 CENT

SVISC = (VISC]l = 1<0/SPVR*(C(1)=C(2)*(TR=-C(3))))/10%%6&MCONV(KU)
RETURN

REGICN 111
CR PRES == 1 TO 800 BAR AND 375 TG B0O CENT

SVISC =(VISC1 + D(1)/SPVR +DU(2)/(SPVYR*SPVR) + D(3)/{SPVR*SPVR*SPVR
1 ) )/710.0%%6 sMCONVIKU)
RETURN

AUTHORS EXTRAPOLATICN USED FOR REGIGN IV

X=ALOGLIO(1+/SPVR)

KJ=]

IF (XeGTe—0e124938173) Ky=2

Y X3 X8{XS(XHCOF(SeKII+COF (4sKJIIHCOF(3eKJD I+COF(2,KI))+COF(L,KJ)
SVISC2(VISCA/1E6+10%%(Y+1.)/.0192)8MCONVIKU)

RETURN

SVISC=VISC1/10.%%6%MCONVIKL)

RETURN

EMND
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FLOW CHART FOR SUBROUTINE WASP

Enter
Subroutine WASP (KS, KP, TT, P, D, H, KR},

)

Convert TT
to 1 (eq. B6!)

Call TEMPPS
KU, P, S, T, D,

\ DL, DV, KR)

Call DENS

(KU, T, P, D,
oL o, ke /-

KS-=1 Branch K5=5
on
KS

Call TEMPPH
(KU, P, H, T, D,
DL, DV, KR)

Call PRESS
KU, T, D,
P, KR)

Call DENS
(KU, T, P, D,
oL, DV, 1)

Is
2 an addend
of KP?

Note: KP is a binary sum, i.e., the addends
are powers of 2, which are the individual KP
options. Hence, each sum KP is obtained
from a unique set of addends.




Call CPPRL
(KU, T, DL, CPL Yes
CVL, GAMMAL,
cL

Call CPPRL Call CPPRL
(KU, T, DV, CPV) (KU, T, D, CP,
CVV, GAMMAY, CV, GAMMA,

CVP) C

Callvisc
8 an addend KU, KR, T, P,
DL, MuL)

call Visc
(KU, KR, T, P,
DV, MUV)

Call vIsC
(KU, KR, T,
P, D, MU)

Call THERM
({l)(LU El)((%L PkLTf ad;:nadnof
, . : KP?

Call THERM
(KU, KR, P, T,
D, EXCESK, K)

(to user's program)
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APPENDIX F

TEST PROGRAM WITH OUTPUT

The following tables have been generated by WASP to facilitate comparing results to
the ASME Tables (ref. 1) and the International Skeleton Tables (refs. 1 and 2). No at-
tempt was made to reproduce the entire reference tables; only a select number of points
were chosen at even intervals representative of the total range. The values in the fol-
lowing tables are in the same units and similar form as the reference tables. Results of
comparisons between the calculated and the tabulated values are discussed in the main
part of the text.

SIBFTC MTWASP

COF!ONIPROPTY/KUoDL.DVvHL'NV:S.SL.SV.CV.CVL'CVV.CP.CPL.CPV.GAHHA. 1
IGAHFAL.GAINAV.C.CL.CVP.HU.NUL,NUV.K.KL'KV.SIGHA,EXCL.EXCV.EXCESK 2
DIMENSION PSIA(L12),TF(11),VOL(12,11),HOUT{12,11),50UT(12,11) 3
DIMENSION PBARTC(13),TCOUT(20,13),TCOUT2(31,13) 4

REAL MU¢MUL,MUV,KKL oKV S
DIMENS ION T(ZOO)'P(ZOO).VL|200l.HVOUT(ZOO)oSVDUT(ZOO).HLOUT(ZOO) (]
1,SLOUT(200),VV(200) 7
DIMENSION PNEAR(12),TNEAR(G6) 8
COMMON/LAPLAC/ALC 9
DIMENSION PCP(12),TCP{5),CPARY(12,5) 10
DIMENSION PBAR(7"TCENT(20)oVUUT(ZOvT).PSVS(lSl.TFVS(31)'VOUT2(31. 11

115) 12

C 13
c MASTER TEST PROGRAM FCR WATER AND STEAM PROPERTY PACKAGE 14
C 15
C PART 1 16
C 17
C COMPARE SATURATION PRCPERTIES OF ASME STEAM TABLES PAGES 83-88 18
c AS A FUNCTION OF TEMPERATURE 35-TOSF IN INCREMENTS OF 10F 19
C 20
KU=3 21

NPT=1l 22
T1=494, 23

10 XR=1 24
P1=0.0 25

CALL WASP(1,3,T1,P1l,RHO4H,KR) 26
TINPT)=T1-460. 21
PINPT)=P1 28
VL(NPT)=1./0L 29
VVINPT )=l . /0V 30
SLOUTINPT)=SL 31
SYOUT(NPT)=SV 32

HLOUT (NPT ) =HL 33
HVOUT(NPT )=HV 34
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OO0 O

NPT=NPT+1

T1=T1+12.0

IF (T1.LE.1165.) 60 TC 10
RPTaNPT-]

PRINT SATURATICN RESULTS
WRITE(6,1)
1 FORMAT(1H1,51H COMPARABLE TO ASME TABLE NO. 1 PAGES 83-88 )
WRITE(6,2)
ALIN=0O
D0 20 J=1,NPT
J=NPT~J+1
NLIN=NLIN+1}
WRITE(6,3) T(JJl'P(JJ).VL(JJD.VV(JJ).HLOUT(JJD.HVOUT(JJP.SLOUT(JJ)
1,5VEUT4Y)
IF (NLIN.LT.50) 60 TC 20
NLIN=0O
WRITE(6,1)
WRITE(642)
2 FORMAT(1HO,90H T-F F=-PSIA vL FT3/L8M vv HL BTU/L
18M HYV SL  8TU/LBM=R Sv )
3 FORMAT(1IM F5.0+F10.492F12.692F12.3,2F12.4)
20 CONTINUE
WRITE(6,2])
21 FORMAT(1M1)

PART 2 ASME TABLE NC. 3 PAGES 97-203

PROPERTIES OF SUPERHEATED STEAM AND COMPRESSED WATER
TABLE IS 2 PAGES 32-750F AND 750-1500F
FOR EACH SET OF I[SOBARS

WILL COMPARE 12 ISOBARS FOR VARIOUS TEMPERATURES

DATA PSIAIl.O.B.OgZS..lOO.pZOO..500.,1000..lSOO.yZOOO..SOOO.leOOO
1.,14500./ ;
DATA TF/32..50..100..150..300..500..700.g900..1100.'1300..1500.1
DC 50 1=1,11
TIN=TF{1)+460.
CO 45 J=1,12
KR=Q
Ky=3
CALL WASP(1,3,TINJPSIA(J),DyHsKR)
IF (KR.EQ.1) GO TQ 45
YOL(Js1)21./0
HOUT (J,4 1) =H
SOUT(J,I)=S
45 CONTINUE
50 CONTINUE
WRITE(6,4]1 )
WRITE(6,42)
CO0 60 J4=1,12,3
WRITE(6+44) PSIA(J),PSIA(J+1),PSIA(J+2)
00 60 1=1,11
WRITE(6,43) TF(X).VOL(J.llyHOUT(Jol)cSDUT(Jvl)nVOL(J’l.l’.HOUTlJ+l
l.I).SOUT(J*I.[].VGL(J*Z'l).HOUT(J*Z,l)aSOUT(JOZ.ll
Al FORMAT(1H1,20X,36H COMPARISON POINTS FOE TABLE NO.3 )
42 FORMAT(1HO,20X,4TH (VOLUME,ENTHALPY,ENTROPY) FOR PRESSURE LISTED )
43 FORMAT(1H 1F6.053(F12.5,F11.2,F10.4,5X))
4% FORMAT(IHO,6X33(F10.0,4HPSIA,20X))
60 CONTINUE

PART 3 ASME TABLE NC. 4 PAGES 208-220

PRCPERTIES OF SUPERHEATED STEAM AND COMPRESSED WATER IN
THE CRITICAL REGION

DATA PNEAR/ZBéO..!OOO.'3060..3100..3160.y3200..3260..3600..3500..
13600.,3800.,3960./
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DATA TNEAR/bSO..bBO.,710.,74C.,770..800./

CC 80 I=1,6

TIN=TNEAR () +46C,

CC 70 J=1,12

KR=0

CALL WASP(133,TIN,PNEAR(J)DsH,KR)

voL(J,11=1./0

If (KR.EQ.1) GO TO 70

HCUT(Jy1)=H

SCUT(Js12=S
70 CCNTINUE
80 CONTINUE

WRITE(6,481)
81 FORMAT(1H1,20X,40H CCFMPARISON POINTS FOR ASME TABLE NO. 4 }

L0 S0 J=1,12,3

WRITE(6482)
82 FCRMAT{1HO,20Xs4TH (VCLUMEENTHALPY,ENTROPY) FGR PRESSURE LISTED }

WRITE(6444) PNEAR(J) yPNEAR{J+1),PNEAR(J+2)

CC 90 1=1,6

WRITE{6443) TNEAR(I)-VCL(J;IlgHOUT(JnI).SOUT(J,I)'VOL(J+1,I),HUUT(

lJ*l,I)'SDUT(J+1,I).VCL(J*2.I),HOUT(J*Z.l)'SUUT(J*Z.I)
S0 CONTINUE

PART 4 ASME TABLE NC. 9 PAGES 278-279
CATA PCP/l.,4..10.,30.-60..100.,200..400.'1000..3000..6000..10000
1./
DATA TCP/32.,300.,700.,1100.,1500./
109 FORMAT(1H1,20X,42K CCMPARISON POINTS FOR ASME TABLE NO. 9 )
WRITE(64109)
111 FCRFAT(IH/.QHPS[A,lZ(4X.F6.0)/1H0,4HTEMP/.3H £ /)
WRITE(6,111) PCP
CC 120 I31,5
TIN=TCP(1)+46C.
CC 110 J=1,12
KrR=C
CALL WASP(1,4,TIN,PCP{J)+D,H,KR)
CPARY({J,1)=CP
110 CCNTINUE
WRITE(64112) TCP(T1) o (CPARY(Jy1)ed=1,12)
120 CCONTINUE
112 FCRMAT(1HO,F5.0,12F10.3)

PART 5 VISCOSITY CHECKOUT

DATA PBARII.,50..200.,350.'500..650.,800./

DATA TCENY/lO..SO..lOC..120.,140..160.,180.,200..220..240.,260..
1280.'300..320.'340.,360..400..500.'600..700./

DATA PSVS/I..Z..S..10.'20.,50..100..200..500..1000.'2000.,5000..
1750C.,10000.,12000./

DATA TFVS/lSOO..1450.'1400.'1350.,1300..1250.,1200..1150.,1100.,
11050.,IOCO..QSO..QOO.'BSO..800..750..700..650..600..550.'500.'
2450..400..350.'300..250.pZOO.,lSO.'lOO..SO.,BZ./

WRITE(6,500)

Kt=1

CC 300 J=1,7

PIN=PBAR(J)/10.

cCc 200 I=1,20

TIN=TCENT(1)4273.15

KR=C

CALL WASP (1,8, TINJPIN,CyFyKR)

If {KR.EQ.1) GC TO 3CO

VCUT(I,J)=FU*1.ES

3CC CONTINUE

WRITE(6,301)

WRITE(6,302) PBAR

CC 220 1=1,20

32C WRITE(6,303) TCENT(I) , (VCUT(T,J0ed=1,T7)

3C1 FCRMAT(1H1,42H VISCOSITY TABLE~-INTERNATIONAL 8COK }

193
1né
105
196
107
108
109
110
11
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
123
134
135
136
137
138
139
140
141
142
143
146
145
146
147
148
149
15C
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
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3C2 FORMAT(1HO,7(8X,F6.0,4HBARS ))
3C3 FORMAT(1HO,FS.0,TIF12.2,6X))

WRITE(6,500)

KU=3

C0 350 J4=1,15

PIN=PSVS(J)

Ca 350 1=1,31

TIN=TFVYS(1)+460.0

KR=(Q

CALL WASP(1,8,TIN,PIN,O,H,KR)

IF (XR.EQ.1) GO TO 350

THIS CONVERSION GEVS FROM UINTS=3 OF PROGRAM TO UNITS OF TABL

VOUT2(1,J)=MUS1.E6*]1.4881639/4.7880258
350 CONTINUE

WRITE(6,351)

WRITE(6,352) PSVS

£0 355 I=1,31

WRITE(64353) TFVS(I), (VOUT2(14J0,d=1,15)
355 CONTINUE
351 FORMAT(1H1,45H VISCOSITY-ASME TABLE NO. 10 PAGE 280 }
352 FORMAT(1HO,5H PSIA,2X415F8,0,/,5H0 T~F )
353 FORMAT(IH 42X,F6.0,15F8,2)

PART & THERMAL CONCUCTIVITY CHECKOUT

360 CONTINUE
DATA PBARTCI!.,IO..Zﬁ..SO.,100..150..200..250..300..350.,400.,450.
1,500./
WRITE(6,500)
KU=1
DO 400 J=»1,13
PIN=PBARTC(J)/10.
0O 400 I=1,20
TIN=TCENT(I)+273.15
XR=(Q
CALL WASP(1,16,TINsPIN,DoHsKR)
IF (KR.EQ.1) GO TO 400
TCOUT(1,J)=K*l,.E4
400 CONTINUE
WRITE(6,401)
WRITE(6,402) PBARTC
D0 420 1+1,20
420 WRITE(6,403) TCENT(I),(TCOUTIT,J),J=1,13)
401 FORMAT(1H1l,46H THERMAL CCNDUCTIVITY - INTERNATIONAL BOOK )
402 FORMAT(LHO,6HP-BARS,13(2X,F7,0)/1HO, 3HT~F)
403 FORMAT(1HO,F5.0,13F9,.2)
WRITE(64500)
KU=3
CO 450 J4=1,12
PIN = PSVS(J)
D0 450 I=1,31
TIN = TFVS(1)+460.0
KR=Q
CALL WASP (1,16,TIN,PIN,D,H,KR)
IF(KR.EQ.1) GO TO 450
TCOUT2(I,Jd) = K * 1,E3 » 3600.
450 CCNTINUE
WRITE(6,451)
WRITE(64352) (PSVS(I),41I=1,13)
CO 455 I=1,3]
455 WRITE(64353) TFVS(I),(TCOUT2(I,J9),J=1,13)
451 FORMAT(1H1,20X+47TH THERMAL CONDUCTIVITY-ASME TABLE NO.1l PAGE 281)

SURFACE TENSION ANC  LAPLACE CONSTANT INTERNATIONAL BOOK
PAGE 172 - TABLE 7

WRITE(6,481)
Ky=]

171
172
173
174
175
176
177
178
179
180
181
182
183
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Du 480 J=1,16
11 = TCENT(J)+273.15
CALL WASP(1,432,TI,PI40sHsl)
480 WRITE(6,482) TCENT(J),SIGMA,ALC

481 FORMAT({1H1,20X,7SH INTERNATIONAL BOOK —- TABLE NO.T»

110N AND LAPLACE CONSTANT /1H0,24H T-C
482 FORMAT(LIH , FT.0, F8.2, FB.3 )
END TEST PROGRAM
§00 FORFMAT(1H1)
sToP
ENOD

DYNE/CM

SURFACE TENS

MM

/)

239
240
241
242
243
244
245
246
247
248
249
250
25
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APPENDIX G

METASTABLE SUBROUTINE (PMETAS)

Although property measurements for other than stable states are very difficult to
make, metastable states are of interest in heat-transfer and fluid-flow calculations.
The fundamental equation

¥ = yo(T) + RT{In p + pQlp, 7)]

represents a continuum of single-phase states between the saturated liquid and saturated
vapor states which can be classified as either metastable or unstable (as for the Van der
Waals equation). Consequently, properties of the superheated liquid and supersaturated
vapor can be determined. It is pointed out in reference 3 that between 300° C and the
critical temperature, the nonstable states as determined by the fundamental equation
have a single maximum and minimum. At lower temperatures, more than one pair of
extremum exists for which the authors of reference 3 attach no significance.

The subroutine PMETAS (KU, T, D, P, KR) is provided to illustrate to the user of
WASP how the metastable and unstable states can be determined. Given a density D and
a temperature T (KU and KR have their usual meanings) the pressure P is returned

P = pRT[l + pQlp, 7) + p —89—(92—72]

9p

The user can then formulate a locus of maximum and minimum points, as for the Van
der Waals equation, and determine if the point is stable, metastable, or unstable. (Note
that PMETAS will also return stable points provided D and T represent a stable point. )
Examples of the metastable and unstable loci are given as figures 14.
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SIBFTC PMETA

OOOOOOOOOO0

OAOn O

9¢

SUBRCUTINE PMETAS({KU,T,CyP,KR)

THIS ROUTINE CALCULATES PRESSURE FOR ANY T INPUT AND D INPUT,
THIS ROUTINE DOES NOT DEFINE A REGION AND IS NOT
CALLED BY -WASP-, THE USER CALLS IT DIRECTLY AND
[T CAN BE USED IN THE METASTABLE STATE.

COMMCN /CONV3/PCCAV(S)

COMMCN /TPARAM/TS

COMMON /CGONSTS/ TAUC,RHCA,RHOB, TAUA,E,R

COMMCN /CHECKS/ ECHI'CCHZ’PCHIIPCHZ!PCH3'TCH1'TCH2’TCH3,DST’TST’
1HSCH1 ,HSCH2

COMMCN /IERRQOR/IRCUT

DS= CCHECK({KU,D)

TS= TCHECK(KU4KR,T)

IRCLT= 2
CNE EQUATION FOR ALL REGIONS

CALL QMUST(DS)

CALL QMUST2(TS)

PS= 1CO0.*R*DS/TS#(1.+DS*(QCALC(TS)+DS*QUT(DS,TS)))
P= PS*PCONV(KU)

RETURA

END
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APPENDIX H

THERMODYNAMIC RELATIONS AND DERIVATIVES

The symbols Cp, Cv’ H, P, R, S, T, and p have the same meaning as defined
elsewhere in this report. The other symbols used exclusively in this appendix are de-
fined as follows:

A=E-TS Helmholtz free energy or work content

E internal energy

F =H - TS Gibbs free energy or free energy
K equilibrium constant

A" specific volume

To illustrate the facility of the partial derivatives, Roder and Weber (ref. 17) give
five which are useful to engineers:

Specific heat input:

Energy derivative:

Isothermal bulk modulus:
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Volume expansivity:

The buckeround material necessary to derive these and other parameters as the

(2

&),
(&)
°op T

Joule-Thomson coefficient

—
T 3
ot

can be found in most thermodynamic texts.

WASP provides the partial derivatives (aP/ap)T and (8P/8T)p. With the aid of the
following thermodynamic derivatives and the Bridgeman Tables, any thermodynamic
parameter can be found. The following thermodynamic tables were taken from refer-
ence 18.

Differential energy formulas:
dE=TdS - PdV
dH =T dS + V dP
dA =-SdT - PdV
dF = - S dT + V dP

Maxwell relations:
&), )
oV S oS v

Ge), = (5),

91



), G,
eI

Energy-function derivatives:
as v oS P
(3,6,
oV/g V/m

(5, 62,

(ﬂ) = (%) =-8S
aT P aT v
Heat-capacity relations:

v (2), 763
T ' T v

v (2), )
oT /p oT/p
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Effectof P or V on H or E:
@), v
P T oT P
(v).~"Gs).
ov T oT vV
Temperature effect on AF/T =- R ln K:

a(éE)
T/l __gdlmK__AH
aT oT 2
P

Partial molal quantities, where Y is any extensive quantity:

7, - [
anl

P, T,nz,n3, e

Y=n1§1+n2§2+. .

oy ay
—1 +X 2 +...=0
axl axl

ai)_ oy _g)
anj 8ni on, ani

]

X1
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The so-called Bridgeman Tables are summarized as follows:

94

(eT)p = -(eP)p = 1

(@V)p = - (3P)y = (%)
P

C

wmp:_me:cP_PG%)
P

(aH)P == (aP)H = CP

(3F)p = -(0P)p = -S

(0A)p = -(9P), = - [S + P(%) ]
P

wa=-wﬂV=_@%>
T

(38)p = - (3T)g = (%%)
P

(3E)p = - (@T)p = T(%)}) N P(%)T

me='WﬂH=-V+T@¥>
P

(@F)p = -(@M)p=-V

T



(38)y =

(BE)y = -

(0H),, =

(8F)y =

(3E)

(3H)g =

(3F)g =

(2A)g =

(aH)E =

(aF)E =

(3A)g =

_wws=%FP@%LfJ%§9P]

2

(3V)g = Cp <2§>T ¥ T(:_Dz

o ely) 1), ),

o= [(2) +5() ]

" s S(3).

[ ), ]
-w$H=-X§£
- (@) = % rVCP ST(ZDPJ

EE GERCIEEY
o en () ] ofefe) @]
- (eE) = - VFP PG¥L +ﬁ%@¥L+PGEL]

(om), - [( +9(%) « (—)] (),
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(eF)y = -(2H)g = ‘V(CP +8S) + ’I‘S(ﬂ)
P

(0A)y = -(8H), = - [s + P(%) }
P

N

T

V- T<ﬂ> ] + pcp<ﬂ>
L JT P P T

)
T P

h
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TABLE I. - OPERATIONS SHEET FOR SUBROUTINE WASP?

COMMON/PROPTY,/KU, DL, DV, HL, HV, S, SL, SV, CV, CVL, CvV, CP, CPL, CPV, GAMMA, GAMMAL, GAMMAV, C,
CL, CVP, MU, MUL, MUV, K, KL, KV, SIGMA, EXCL, EXCV, EXCESK
REAL MU, MUL, MUV, K, KL, KV

CALL WASP (KS, K‘P, T, li, B, H, KR)
N\ . S

‘\ ! \\ N \\ e Region
\ ‘| VN KR=0 Unknown, check KR returned
| | \\\\ \\ \ KR=1 Saturation
! | AT \\ KR=2 Liquid [
U \ \\\\\ KR=3 Gas and/or fluid glT
(I N \ \ - Enthalpy, 3/g 2 I KR =3
[ W\ ‘- Density, g/cm § KR =2
Lol \\- Pressure, MN/m? g’ -Two-phase
b \- Temperature, K &l /  saturation ="y,op
Il L Thermodynamic and transport propertiesb Liquid
\ KP=0 Only P, p, and T returned Entropy, §
! KP=1 H Enthalpy, J/g; (H), (HL), (HV)
‘\ KP-2 S  Entropy, J/(g)(K); (S), (SL), (SV)
\ KP=4 Cv Specific heat at constant volume, J/(g)(K); (CV), (CVL), (CVV)
! Cp Specific heat at constant pressure, J,/(g)(K); (CP), (CPL), (CPV)
| ¥ Ratio of specific heats, Cp/Cv; (GAMMA), (GAMMAL), (GAMMAYV)
| ¢ Sonic velocity, c¢m/sec; (C), (CL), (CVP)
| KP=8 . Dynamic viscosity, g/(cm)(sec); (MU), (MUL), (MUV)
‘l KP=16 k Thermal conductivity, W/(cm)(K); (K), (KL), (KV)
| KP=32 o

Surface tension, dyne/cm; (SIGMA)
— Input specification of independent properties

KS=1 p = {(T,P); given T,P find p
KS=2 P

KS=3 T
KS=4
KS=5

= (T, p); given T,p find P
= f(P, p); given P,p find T
T,p = {(P, H); given P,H find T,p
T,p = f(P,S); given P,S find T,p

aNotes:

1. The units indicator, KU, must be set such that 1 = KU < 5 or no valid property values can be determined. See table II.
2. Reset KR # 1 for each call to WASP to be assured of nonsaturation calculations (unless T = Tsa

3. Sample problem:
COMMON,PROPTY/KU, etc. (as above)
REAL MU, etc. (as above)

KU=1

KR=0
T=773.0
D=0.178

Call WASP (2, 31, T, P, D, H, KR)

t and P = Psat)'

WASP will return P = 40. MN/m*® KR =3, H = 2902. 4, and the following values in COMMON: S - 5. 4689, CV = 2. 4503,
CP =5.7893, GAMMA = 2.363, C = 57415.4, MU = 0. 3682x10-3, K = 0. 1534x10"“.

bKP input is 2 KP options if more than one property is requested. For example, if enthalpy and entropy are desired, set
KP equal to 3.
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TABLE II. - UNITS SPECIFICATION

Physical quantity Units specification
KU=1 KU=2 KU=3

Temperature K K °rR
Density g/cm3 g/cm3 lbm/ft3
Pressure MN/m2 atmospheres psia
Enthalpy joule/g joule/g Btu/lbm
Entropy, specific heat| joule/(g)(K) joule/{g)(K) Btu/(1bm)(°R)
Sonic velocity cm/sec cm/sec ft/sec
Dynamic viscosity g/(cm)(sec) g/(cm)(sec) Tom /(ft)(sec)
Thermal conductivity |joule/(cm)(sec}(K) | joule/(cm)(sec)(K) Btu/(ft)(sec)(oR)
Surface tension dyne/cm dyne/cm Ibf/ft

aKU=4, 5 permit the user to work in other units; however, the proper conversions
must be entered into BLOCK DATA. To add special set of units for KU=4 or

KU=5:

(1) User's program must contain following COMMON
3

/CONV1/DCONV(5)
/CONV2/TCONV(5)
/CONV3/PCONV(5)
/CONV4/SCONV(5)
/CONV5/CCONV(5)
/CONV6/HCONV(5)
/CONVT/MCONV(5)
/CONV8,/KCONV(5)
/CONV9/STCONV(5)

REAL MCONV, KCONV |

or modify BLOCK DATA subprogram directly
(See appendix E for listing of BLOCK DATA.)

(2) Store conversion factors in fourth and/or fifth position of each array such

that (D in input unit desired)/DCONV(4) = g/cms, ete. All conversion
factors must change input to units of KU=1. For output then,
(D in g/cm3)*DCONV(4) = (D in desired units).



TABLE III. - PROGRAM ASSEMBLY

_~— User's data cards
P Other user subroutines
2 o Calls to subroutine WASP
i - KU=, KR=

REAL MU, etc.

- COMMON/PROPTY/, etc.
-= _- — — Beginning of user's property subroutine

rd
”

_____ -— User's main program

The subroutines in WASP may be loaded in any order with respect to the

user's program. To run successfully, there must appear in at least one
user subroutine the following:

(1) COMMON/PROPTY/, etc.
REAL MU, etc.

(2) KU=1 (or 2, 3, 4, 5)

(3) Other input variable specifications

(4) Calls to subroutine WASP
The COMMON/PROPTY/, of course, must be in the main program or
subroutine where the user expects answers to be returned from WASP,
It could be in several or all user subroutines,
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TABLE IV. - COEFFICIENTS OF Q-FUNCTION, d/o-FUNCTION, AND VAPOR PRESSURE CURVE

(a) Coefficients of Q-function

i i
1 2 3 4 5 6 7
Coefficients, Aij

1 29. 492937 -5, 1985860 6.83353541 -0. 1564104 -6.3972405] -3.9661401 | -0, 69048554
2 | -132. 13917 7.9779182 | -26. 149751 | -0.72546108 | 26. 409282 | 15.453061 2.7407416
3| 274.64632 -33. 301902 65.326396 | -9.2734289 -47.740374 |-29. 142470 -5, 1028070
4 {-360.93828 -16. 254622 -26. 1819878 4, 3125840 56.323130 | 29. 568796 3.9636085
5 | 342.18431 -177.31074 0 0 0 0 0

6 | -244. 50042 127, 48742

7| 155. 18535 137. 46153

8 5.9728487| 155.97836

9 | -410. 30848 337.31180 -137. 46618 6.7874983 136. 87317 79. 847970 13. 041253
10 | -416. 05860 -209. 88866 -733.96848 10. 401717 645. 81880 |399. 17570 71.531353

(b) Coefficients of

wo—func tion

i |Coefficients Ci

1855. 3865
3. 278642
-. 00037903
46. 174
-1.02117

N b W N
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(c) Coefficients of vapor

pressure curve

Coefficients Di

=3 O W W W DN e

2.
-2309.

9304370
5789

. 34522497x10" 1

. 13621289x10°°

. 25878044x10°8

. 247091621079
. 95937646x10™13




TABLE V. - NECESSARY AND OPTIONAL ROUTINES

(a) Nec essary routines

NAME (* indicates multiple entry)

Reason

BLOCK DATA

Stores coefficients for the fundamental equation

*(CHECK, TCHECK, PCHECK, DCHECK)

Performs region and limit checks for all subroutines; con-
verts user's units to internal program units

ROOT Mathematical routines used in all iterative solutions neces-
ROOTX sary to calculation of properties

SOLVE

QCALC Q-function and derivatives used in equation-of-state calcu-
*(QMUST, QMUST?2) lations (See equations used by all KS and KP options, )

QTD

*(QDTA, QDT)

Q2T2D

*(Q2DTA, Q2DT)
*(Q2D2TA, Q2D2T)

DENS
PSSS
*(DSF, DDSF)

Used for KS=1 request and to determine region number for
most other KS and KP options

(b) Optional routines

NAME (* indicates | KS or KP option in~ | Statement numbers Additional conditions for removal
multiple entry) volved in subroutine WASP

PRESS KS=2 20 None

TEMP KS=3 (also KS=4 and 30 Must also remove TEMPPH, TEMPPS,
TSS KS=5) 40 TSHF, and TPSF

*(TSSF, DTSSF) 45

*(TSF, DTSF)

TEMPPH KS=4 40 None

*(TSHF, TPSF)

TEMPPS KS=5 45 None

*(TSHF, TPSF)

ENTH KP=1 (alsoc KS=4) 60 Must also remove TEMPPH and TSHF

40

ENT KP=2 100 Must also remove TEMPPS and TPSF
KS=5 45

CPPRL KP=4 130 to 140 None

VISC KP=8 160 to 170 None

THERM KP=16 180 to 190 None

SURF KP=32 240 None
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